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ABSTRACT 
 
Two novel processes based on ionic liquid methodology, including steps to recover 
the ionic liquids for reuse and recycle, are developed for the recovery of key value 
components from food wastes: namely glycosaminoglycans (GAGs) from seafood 
waste (scallop gut) and chitin-glucan complexes from cider yeast wastes.  Both 
these components are high-added value materials in nutraceuticals and the chitin-
glucan complexes are of particular interest because they are recovered from a 
vegetarian source.  GAG recovery from scallop gut involves treatment of the wet 
waste with the ionic liquid, HBetNTf2, in a low temperature (30oC) process to 
separate the insoluble GAG mixture from other components of the waste, which are 
soluble. The important aspects of this process from the point of view of economic 
viability are: (i) it is a low-temperature process, (ii) the extraction of the unwanted 
components occurs quickly, (iii) the product GAGs are obtained in good yield, and 
(iv) all solvents used can be recovered. The recovery of chitin-glucan involves 
enzymatic pre-treatment of the cider yeast waste to give a digested pellet from which 
the complex can be recovered by treatment with the IL, BMIMCl. 
 
Two low temperature ionic liquid processes (TESA/TESAC and P6,6,6,14Cl) for re-
refining waste lubricant oils to recover base oils, of sufficient quality to be reused in 
lubricant applications, are also developed. The TESA/TESAC process is based on a 
reversible reaction from a solvent, TESA, in which the base oil is soluble to an ionic 
liquid, TESAC in which the base oil is insoluble. The conversion occurs when carbon 
dioxide is passed through the solvent and reversed by heating above 50oC. In the 
P6,6,6,14Cl process the base oils are recovered from a direct solution of the 
hydrocarbon content of the waste in the ionic liquid. In both processes all solvents 
used can be recovered for reuse.   
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GLOSSARY OF IONIC LIQUIDS 
 
Ionic Liquid 
 
Abbreviation 
ethylammonium nitrate [EtNH3][NO3], 
1-ethyl-3-methylimidazolium tetrachloroaluminate  [EMIM][AlCl4] 
1-butyl-3-methylimidazolium chloride  [BMIM][Cl] 
1-butyl-3-methylimidazolium tetrafluoroborate  [BMIM][BF4] 
1-ethyl-3-methylimidazolium hexafluorophosphate [EMIM][PF6] 
1-ethyl-3-methylimidazolium tetrafluoroborate [EMIM][BF4] 
1-ethyl-3-methylimidazolium  bis(trifluoromethylsulfonyl) imide [EMIM][NTf2] 
1-propyl-3-methylimidazolium bromide  [PMIM][Br] 
betaine bis (trifluoromethylsulfonyl) imide HBetNTf2 
1-butyl-3-methylimidazolium hexafluorophosphate [BMIM][PF6] 
1-ethyl-3-methylimidazolium chloride [EMIM][Cl] 
N-heptanepyridinium trifluoromethane sulfonate [HeptPyr][CF3SO3] 
1-octyl-3-methylimidazolium tetrafluoroborate [OMIM][BF4] 
1-ethyl-3-methylimidazolium hexafluoroantimonate [EMIM][SbF6] 
1-(2-cyanoethyl)-3-methylimidazolium bromide [CMIM][Br] 
3-(triethoxysilyl)-propylammonium-3-(triethoxysilyl)-propyl 
carbamate 
TESAC 
3-(trimethoxysilyl)-propylammonium-3-(trimethoxysilyl)-propyl 
carbamate 
TMSAC 
1-ethyl-3-hexylimidazolium bis(trifluromethylsulfonyl)imide  [EtC6IM][NTf2] 
1-hexyl-3-methylimidazolium tetrafluoroborate HMIMBF4 
1-butyl-3-methylimidazolium trifluoromethane sulfonate [BMIM][CF3SO3] 
1-hexyl-3-methylimidazolium hexafluorophosphate [HMIM][PF6] 
1-octyl-3-methylimidazolium hexafluorophosphate [OMIM][PF6]  
1-hexylpryidinium bromide HPyrBr 
1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide BMIMNTf2 
1-butyl-3-methylimidazolium octylsulfate [BMIM][OcSO4] 
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1-ethyl-3-methylimidazolium ethylsulfate 
 
 [EMIM][EtSO4] 
trihexyltetradecylphosphonium dicyanimide P6,6,6,14[DCA] 
1-ethyl-3-methylimidazolium dicyanimide EMIM[dca] 
1-octyl-3-methylimidazolium bis(trifluoromethane) sulfonimide [OMIM][NTf2] 
trihexyltetradecylphosphonium bis(trifluoromethane) 
sulfonimide 
[P6,6,6,14][NTf2] 
1-butyl-3-methylimidazolium bromide BMIMBr 
dimethylaminopropylamine formate [DMAPA][FA] 
1-hexyl-3-methylimidazolium bromide HMIMBr 
1-(4-sulfonic acid) -butylpyridinium hydrogen sulphate SPyrHSO4 
1-(4-sulfonic acid) -butyl-3-methylimidazolium hydrogen 
sulphate 
SMIMHSO4 
trihexyltetradecylphosphonium chloride P6,6,6,14Cl 
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GLOSSARY OF TERMS 
 
FEPA – Federal Environmental Protection Agency 
NESREA - National Environmental Standards and Regulations Enforcement Agency 
NEP - National Environmental Protection 
EIA – Environmental Impact Assessment 
LASEPA - Lagos State Environmental Protection Agency 
DPR – Department of Petroleum Resources 
MSW – Municipal Solid Waste 
DEFRA – Department for Environmental, Food and Rural Affairs 
ATT – Advance Thermal Treatment 
VOC – Volatile Organic Solvent 
GDP – Gross Domestic Product 
LPG – Liquid Petroleum Gas 
PAO – Polyalphaolefins 
Mlpa - million litres per annum 
GAG - Glycosaminoglycan 
IL – Ionic Liquid 
TSIL – Task Specific Ionic Liquid 
TG-DSC - Thermogravimetric – Differential Scanning Calorimetry 
1H-NMR - Proton -Nuclear Magnetic Resonance Spectroscopy 
MS – Mass Sectrometry 
TLC – Thin Layer Chromatography 
FTIR - Fourier Transform Infrared Spectrometry 
DTG - Derivative Thermogravimetric analysis 
HPLC - High Performance Liquid Chromatography 
ICP – OES - Inductively Coupled Plasma-Atomic Emission Spectroscopy 
TCD - Thermo-conductivity detector 
scf  –  Standard cubic feet 
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CHAPTER 1:  INTRODUCTION 
 
 
1.1 Background 
 
The mounting production of wastes is recognised as a global concern especially in 
developing countries such as Nigeria.  The rising population, economic growth and 
industrialization in Nigeria have all led to increasing waste production, mainly from 
commercial and domestic sources.  The problem of dealing with this increase in 
waste is compounded by a lack of awareness of the impact that current lifestyles of 
consumption have on the environment. There is therefore a need for proper 
government legislation and enforcement, to provide a sustainable waste 
management strategy to tackle this problem. 
 
Nigeria produces about 25 million tonnes (Mt) of solid waste per year, of which an 
estimated 19000 tonnes is classified as hazardous waste.  Domestic, commercial 
and agricultural wastes make up most of the waste generated in the country, with 70-
80% of these wastes being organic, and with food and other biodegradable matter 
representing 28-58% of the total [1]. Lagos State, a major commercial state and 
municipality produces an estimated 4Mt of waste per year, of which 68% is organic 
waste [2].  The management and treatment of organic wastes is thus an important 
issue for waste authorities in Nigeria. 
 
The approaches used by government and private agencies to tackle the diverse 
organic wastes have generally been limited to incineration, with subsequent energy 
recovery, composting, landfilling and, most of the waste is simply dumped on roads, 
on to vegetation and into the sea. A more sustainable approach to managing these 
wastes, however, should include a proper system of collection, transportation and 
treatment with provision for recovery of any value that benefits both the economy 
and the community, by reducing waste disposal by landfill and incineration.  
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The aspect of waste management and treatment considered in the research 
described in this thesis is concerned with the development of novel methodologies 
for the recovery of value from the organic components of the waste stream, 
specifically using as model examples (i) food and beverage wastes and (ii) waste 
lubricant oil.   
 
 
1.2 Aim of Research  
 
The overall aim of the research described in this thesis is to investigate the use of 
novel methodologies as a means of recovering value from key organic components 
in two waste streams of significance to Nigeria, namely, food wastes; and waste 
lubricant oil in order to achieve both a reduction in the environmental impacts of 
these wastes and the recovery of organic materials that either have a commercially 
viable market or lead to a reduction in dependency on virgin materials.   
 
The main aim of the research has been achieved through the following objectives: 
 
 Understand the nature of organic waste streams (of relevance to Nigeria), 
the sources of these wastes and current practices relating to the mode of 
collection, recycling and disposal;  
 Understand current legislation governing the management of organic 
wastes;  
 Understand current technologies for treatment of these wastes and their 
limitations in terms of economic and environmental impacts;  
 Obtain and characterise wastes as-received, determine their composition, 
physical and chemical properties and contaminants present; 
 Undertake a literature review of ionic liquids, their properties and 
application to waste management and in particular, value recovery; 
 Prepare ionic liquids as potential solvents for selective solubility of 
simulated and real waste components; 
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 Develop and optimise a methodology for recovery of key value 
components from these waste streams, and; 
 Explore possibilities for reuse of ionic liquid to form a closed loop system. 
 
 
1.3 Scope of Research 
 
This introductory chapter setting out the aims and objectives of the research is 
followed by, Chapter 2 which presents a literature review on the sources of wastes 
and particularly organic wastes in Nigeria; on the legislation governing the organic 
waste management in Nigeria; and on, management practices, and treatment 
options used in the country.  Chapter 3 introduces the subject of ionic liquids that are 
used in the new methodologies developed in this work including their methods of 
synthesis, physical and chemical properties and applications.  Methodologies for the 
synthesis of ionic liquids by conventional and the rapid synthesis methods, used in 
this research are also presented, along with a description of the analytical 
characterisation methods and characterisation data used to confirm purities of the 
ionic liquid solvents.  
 
Solubilities in ionic liquids of key components of organic wastes considered in this 
research are determined and the results reported in Chapters 4 and 5. These data 
have been used in the development of ionic liquid methodologies for the extraction of 
high added value components of food and beverage wastes (Chapter 4) and the 
recovery of value from waste lubricant oils in Chapter 5.  The investigations 
described in Chapters 4 and 5 include studies on (i) the extraction of value from 
simple simulated systems, (ii) extractions from complex simulated systems and (iii) 
extractions from the real waste.   
 
The development of a management framework for effective implementation of a 
value recovery system from wastes, specific to Nigeria, based on the research 
presented in this work is provided as part of the conclusions in the final chapter 
(Chapter 6).  
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CHAPTER 2: OVERVIEW ON KEY ORGANIC WASTE 
STREAMS IN NIGERIA 
 
 
This chapter provides an insight to what are considered to be the significant organic 
wastes in Nigeria, in the context of underlying legislation concerning the treatment 
and handling of these wastes. 
 
 
2.1  Introduction  
 
The developing nation of Nigeria faces many challenges one of which is the growing 
volume of waste, as evidenced by waste heaps on roadsides, oil spillages on 
vegetation and in the sea, and pollution from car exhaust and from industrial 
processes.  
 
Although actual data on the total amount of wastes arising from industrial processes 
are limited and, in some cases, unavailable, estimates from individual States are 
used as an indication of the total waste production. Lagos State, one of the largest, 
most industrialized and most populated city in the country, made estimates in 1995 
that between 3.7 - 4 Mt of wastes was generated annually, and reported that 68% of 
the waste was organic wastes and about 12.5% (0.5 Mt) was untreated wastes [2-4].  
More recent estimates in 2011 suggested that waste generation was about 9000t per 
day. Abuja, the capital city, with a population of approximately 1.8million, was 
reported in 2001 to generate about 0.55-0.58kg of waste per person per day, which 
equates to 950 tonnes of waste per day [5] and Kano, a fast growing commercial city 
generates about 3085 tonnes of waste per day of which the organic waste 
contribution is 43% [6].  A report by Babayemi et al and Solomon [3, 7] contained an 
estimate that the total municipal solid wastes production in Nigeria was about 25Mt 
pa  (approx. 0.44-0.66kg/capita/day).   
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Their estimate took account of household wastes, commercial wastes and non-
hazardous wastes arising from medical institutions. The data for the waste generated 
in some urban cities in Nigeria are presented in Table 2.1.  
 
Table 2.1 Summary of waste generated in urban cities of Nigeria 
(Adapted from [8]) 
 
City 
 
Population 
 
Tonnage/month 
 
Density 
(kg/m3) 
Lagos 18million (2011)  255,556 294 
Kano 3,248,700 156,676 290 
Ibadan 307,840 135,391 330 
Kaduna 1,458,900 114,433 320 
Port Harcourt 1,053,900 117,825 300 
Markurdi 249,000 24,242 340 
Onitsha 509,500 84,137 310 
Nsukka 100,700 12,000 370 
Abuja 159,900 14,785 280 
 
 
Management of wastes in Nigeria, involving collection, transportation, storage, 
treatment and disposal, is handled by both private and State environmental 
agencies.  Despite the Federal establishment of the Environmental Sanitation Edict 
of 1997, dedicating the last Saturday of every month to cleaning household and 
commercial premises, less than 60% of the waste is collected [8], and heaps of 
waste dumped on road sides are still visible. This is mainly because of unavailable 
waste collection vehicles, inaccessible dumpsites and lack of provision of official 
lidded waste bins. The management bodies, within the existing laws, have not been 
effective in implementing acceptable waste disposal practices, a problem 
exacerbated by both the lack of awareness in local communities on the impact of 
wastes, and their unwillingness to pay for collection services, which has led to the 
common practice of co-mingled dumping of all categories of wastes (hazardous and  
Chapter 2  Feyisetan Oluremi Thompson 
 
~ 25 ~ 
 
 
non-hazardous) both to land and sea [9]. According to Momodu et al., the mounting 
waste problem in Nigeria is attitudinal and psychological [10]. 
 
In spite of existing legislation governing the management of waste at the Federal and 
State level, little effort has been made towards enforcing these laws. The legislation 
influencing the management of wastes is established by the Federal Government.  A 
brief overview of the legislation established by the Federal Government relating to 
the handling and treatment of wastes is given in Section 2.2. 
 
 
2.2  Overview of Nigerian waste legislation 
 
The illegal dumping of toxic wastes in one of Nigeria’s coastal States in 1988 
prompted the Federal government to enact the Harmful Waste Decree No. 42 of 
1988, followed by the establishment of the Federal Environmental Protection Agency 
(FEPA), to manage and implement regulations on wastes under Decree 58, 1988 
and amended in Decree 59 of 1992.  
 
The Federal ministry of Environment took over the functions of FEPA in 1999, to 
become responsible for enforcing environmental laws; however, the FEPA Act of 
1988 was repealed in 2007 following the establishment of the National 
Environmental Standards and Regulations Enforcement Agency (NESREA), under 
the Federal Ministry of Environment in an Act of 2007. The NESREA Act was 
established to enforce environmental laws, to regulate standards for the protection of 
the environment, and to achieve conservation of biodiversity and natural resources. 
The NESREA Act does not, however, include regulation of the oil and gas sector. 
Although the FEPA Act was repealed by the NESREA Act, regulations in force 
pursuant to the FEPA Act are still applicable and these include: 
 
(i) National Environmental Protection (NEP) - Management of solid and 
hazardous waste regulation,  
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(ii) NEP - Pollution abatement in industries and facilities generating waste    
regulation, and NEP - Effluent limitation regulation, and  
(iii) Environmental Impact Assessment Act Decree No. 86 of 1992 (EIA Act).  
 
The EIA Act of 1992, which enforces a complete environmental impact assessment 
of activities, projects or processes that may significantly affect the environment prior 
to approval or implementation of such activities or projects at the Federal, State and 
local governments levels; ensures that any persons or communities affected directly 
or remotely by those activities are notified through a consultation process, which 
means that the persons or communities affected shall have a say in the final decision 
of FEPA [EIA Act 1992] 
 
Under the NESREA Act, the regulations put in place include: 
 
 National Environmental (Sanitation and Wastes Control) Regulation, 2009, 
that sets out guidelines for general cleanliness, duties of care and 
obligations to individual, commercial and industrial waste handlers as well 
as providing  a list of hazardous wastes. 
 National Environmental (Pollution Abatement in Food, Beverages and 
Tobacco Sector), Regulation 2009. 
 National Environmental (Ozone Layer Protection) Regulation, 2009 
 
Both States and local government authorities within Nigeria also have existing 
environmental management agencies and laws for the protection of the environment 
within their jurisdiction.   In Lagos State, for example, the Lagos State Environmental 
Protection Agency (LASEPA) was established to protect the environment and 
regulate environmental laws. 
 
2.2.1 Waste definition 
 
Regardless of the establishment of a new national regulation agency, the national 
definition of waste was not changed under the NESREA Act.  Wastes, as defined  
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under the FEPA Harmful Wastes Provision Decree 42 of 1988, now the NESREA Act 
2007 are: 
 
“..  substances or objects which are disposed of or are intended to be disposed of or 
are required to be disposed of by the provisions of the laws of the Federal Republic 
of Nigeria.” [11] 
 
The Lagos State Edict of 1985, section 32, also defines waste to include: 
 
 Waste of all description 
 Any substance, which constitute scrap material or an effluent or other 
unwanted surplus substance arising from the application of any process.[12] 
 
Wastes arising from industrial sources are classified as industrial wastes; 
commercial wastes arise from retailers, while domestic wastes are those from 
households.  Wastes are classified into two major categories, (i) hazardous and (ii) 
controlled or non-hazardous wastes [13], which can be organic or inorganic and can 
arise from industrial, commercial or domestic sources. 
  
A further piece of legislation of relevance to organic waste management is that 
specifically dealing with hazardous wastes. The National Environmental Waste 
Management Act, 2008 defines hazardous wastes as: 
 
“A by-product of society, harmful to human health and the environment when 
improperly disposed.” 
 
This definition is based on hazardous characteristics such as ignitability, 
corrosiveness, reactivity or toxicity. 
 
The Harmful Waste Act, 1988 of Nigeria, instituted after the illegal dumping of 
harmful wastes, defines hazardous wastes as: 
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“Any injurious, poisonous, toxic or waste-emitting radioactive substance if the waste 
is in such quantity, whether with any other consignment of the same or of different 
substance, as to subject any person to the risk of death, fatal injury or incurable 
impairment of physical and mental health; and the fact that the harmful waste is 
placed in a container shall not by itself be taken to exclude any risk which might be 
expected to arise from the harmful waste"[14]. 
 
This considers the carrying, depositing, transporting or dumping of harmful wastes 
on land, water or air. 
 
There are currently approximately 1004 chemicals on the list of hazardous and 
dangerous chemicals in Part III of the 1991 Hazardous Waste Guidelines. 
 
According to Schedule XIII, Regulations 45 and 78 of the National Environmental 
(Sanitation and Wastes Control) Regulation 2009, the list of hazardous wastes 
include, but is not limited to: 
 
1. Waste that exhibits any of the following properties (explosive, flammable solid 
or liquid, toxic, poisonous and infectious) 
2. Wastes that belong to the following categories including but not limited to: 
- Waste oil/waste hydrocarbons/water mixtures and emulsions 
- Clinical wastes 
- Wastes from industrial processes 
 
 
2.2.2 Legislation governing the oil and gas industry 
 
The Department of Petroleum Resources (DPR) is responsible for enforcing laws 
pertaining to the oil and gas industry in Nigeria, guided by the National Policy on the 
Environment (NPE) lunched in 1989[15].  
 
DPR, an arm of the Ministry of Energy is responsible for regulating the daily activities 
of the upstream and downstream operations and duties involve: enforcing safety and  
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environmental regulation, ensuring that industry operations upstream and 
downstream, conform to international standards, supervising all petroleum industry 
activities, and issuing permits and licences amongst other responsibilities [16]. DPR 
established environmental guidelines and standards for the petroleum industry in 
1992 to ensure control of petroleum establishments and projects capable of negative 
impact on the environment and enforcing generation of EIA reports for all projects 
[15, 17]. These guidelines were reviewed in 1998 and a final document presented in 
1999. 
 
In spite of these regulations, management practices in Nigeria still lag behind the 
common practices in developed nations, where framework standards and methods 
exist to enforce good management practices. The gap that exists between Nigeria 
and the developed nations can be attributed to an absence of necessary information 
on waste to Nigerian communities and their general lack of consciousness of the 
negative impact of activities on the environment. Waste management frameworks 
implemented in the UK that could be adopted and enforced by the Nigerian waste 
management community include: (i) The EU Waste Framework Directive 
2008/98/EC [10] which sets out a hierarchical approach to waste management, with 
a top-down emphasis on the need for waste prevention at source, re-use, recycling, 
material and energy recovery and, at the bottom of the hierarchy, the final option of 
landfill; and, (ii) The EU Landfill Directive 1999/31/EC, which aims to reduce the 
impact of landfill wastes on the environment (water, land and air) and the amount of 
wastes (particularly biodegradable municipal waste) disposed to landfill, sets limits 
for specified wastes to landfill, and, imposes fees on local authorities per tonne of 
waste sent to landfill. The setting of EU and UK targets and educating the public on 
the environmental concerns about wastes and their handling and treatment methods 
have, however, already contributed significantly to improvements in waste 
management practice and, as such provide an example for Nigeria to follow. 
 
 
Chapter 2  Feyisetan Oluremi Thompson 
 
~ 30 ~ 
 
 
2.3 Organic Wastes in Nigeria 
 
Organic wastes are materials which contain carbon and hydrogen components.  
They exist in different waste streams arising from household, agricultural, 
commercial and industrial sources, with household and commercial wastes 
contributing a significant amount to the overall waste tonnage (90%, 22,5Mt pa) [1]. 
Wastes from these sources include biodegradable cooked and uncooked kitchen 
wastes, paper, oils (edible and non-edible) and plastics. Other organic waste 
streams are those wastes from abattoirs and petroleum wastes from garages and 
commercial car parks in the form of waste lubricant oils. 
 
In terms of treatment of these organic wastes in Nigeria, those derived from 
domestic and agricultural sources are usually composted for plant and animal food, 
whilst those from commercial and industrial sources undergo minimal or no 
treatment process.  
 
The focus of this thesis is on wastes derived from two significant organic streams, 
namely: waste lubricant oils and food wastes.  A brief overview of the composition of 
wastes, treatment methods and description of each waste stream is described. 
 
2.3.1 Waste Composition 
 
From the total amount of wastes produced in the country, municipal solid wastes 
(MSW) contribute an estimated 25Mt and contain materials that are both organic and 
inorganic in nature, which have not been separated for collection by local authorities. 
The organic fractions are naturally biodegradable in an aerobic or anaerobic 
environment, while the inorganic fractions are non-biodegradable materials, such as 
metals, glass and dusts.  
 
Wastes from low-income regions have a tendency to be denser and wetter, with high 
organic content compared to MSW from high-income regions or developed nations 
[8].   
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The composition of MSW in Nigeria are presented in Table 2.2   
 
Table 2.2 Composition of MSW in Nigeria   (adapted from [1, 18]) 
 
Waste  
Source 
 
Waste category (%) 
Putrescibles Plastics Paper Metals Glass Textiles Fines Others 
Low density 57.5 6.1 4.3 2.5 2.3 2.9 21 3.4 
Medium 
density 
53.7 7.1 4.1 2.0 1.7 2.4 27.1 1.7 
High density 36.4 8.0 2.6 1.8 0.9 3.7 41 5.7 
Commercial  27.9 10.2 10.9 3.4 6.9 1.2 36.4 3.1 
Institutional 44.8 5.9 8.9 0.9 1.2 0.3 36.4 3.1 
 
 
2.3.2 Treatment of organic wastes 
 
There is currently no formal recycling or reuse schemes in Nigeria, however, informal 
private sector activities through house-to-house waste collection, scavenging of 
materials are performed, so that materials are recovered and recycled or reused 
before they are discarded. Other reuse practices occur at the household level with 
beverage cans, bottles, newspaper, old clothes and shoes being common.  
 
Management of organic wastes, to divert the wastes from landfill involves thermal, 
biological and/or chemical treatments with provision for value recovery.  
 
 
Biological Treatment Methods 
 
Biological treatment involves the bacteriological breakdown of organic matter in the 
presence or absence of air (oxygen) to give environmentally stable products and by-
products.  
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Anaerobic Treatment 
 
In anaerobic biological treatment, mixtures of mesophilic (25-45°C) and/or 
thermophilic (55-70°C) microorganisms decompose organic matter to simpler 
components, naturally or under controlled conditions, in the absence of oxygen to 
produce methane, biogas and products for soil nourishment [19].  The complex 
treatment methods to convert organic matter into useful products are grouped into 
four stages: 
 
1. Hydrolysis of complex insoluble organic matters into soluble oligomers and 
monomers by fermentation microorganisms 
2. Acidogenesis of the hydrolysed monomers into simple organic acids 
3. Acetogenesis of the organic acids into acetic acid, carbon-dioxide and 
hydrogen 
4. Production of methane by the action of methanogenic bacteria 
 
 
 
Figure 2.1 Stages in anaerobic organic waste treatment 
 
 
Each stage of the digestion process is influenced by factors such as temperature, 
pH, carbon: nitrogen ratio and retention time in the digester [20]. The biogas 
produced can be burned to generate heat, electricity or used as fuel energy, while 
the solid and liquid residues are used as soil conditioners. Other environmental 
benefits of the method include removal of odour, reduction of greenhouse gas 
emissions and pathogen control.  
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Aerobic biological digestion - Composting 
 
In aerobic biological digestion including composting, organic materials are 
decomposed by mesophilic and thermophilic microorganisms into carbon-dioxide, 
water, heat, nutrient rich nitrate and nitrite, in the presence of oxygen. The 
microorganisms release enzymes [21] that hydrolyse components of the waste.  
There are variables that determine the quality of compost including: 
 
 Creating a balance between high nitrogen, green organic components (fruits, 
vegetables, table scrap, tea and coffee grounds) and high carbon, brown 
organic components (leaves, shredded paper, cardboard). An optimum 
carbon to nitrogen ratio of 25-30:1 is often recommended [22]. 
 Moisture content of about 60%, essential for the microorganism to survive and 
functions as a transport medium through which the organic materials are 
accessed. High water content, however, displaces air between the materials 
and leads to an anaerobic environment whereas; low water content deprives 
the microorganisms and inhibits their activities.  
 Temperature is essential for optimal microbial activity. The microorganisms 
raise the temperature of the aerobic environment, necessary to destroy 
pathogens. Inadequate amount of heat can cause anaerobic condition, which 
leads to rotting. The optimum operating temperature is often between 55-75°C 
 Turning the compost pile to aerate allows adequate flow of oxygen and 
accelerates decomposition. 
 
 
There are different composting methods from household backyard compost to highly 
technical and expensive methods. Household composting involves mixing small 
quantities of food scrapping and grass clipping in a dug pit or a compost digester 
with about 40-60% moisture content. The duration of this process can take a few 
months; however, constant turning of the organic pile can accelerate the compost 
production. 
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Vermi-composting, a type of household compost method makes use of red worms to 
breakdown organic materials into high value compost. The optimum temperature for 
decomposition is between 13-25°C. The worms produce soil nutrient as well as a 
high value, liquid worm tea as a liquid fertilizer.  
 
Large scale compost production consists of windrow turning and in-vessel 
composting methods, which involves significant costs. The windrow method handles 
large volumes of different organic wastes mixed in long rows (hence the name 
windrow), with periodic manual or mechanical turning to allow proper flow of oxygen 
with an optimum temperature of about 60°C. The alternative to the windrow turning 
method is the aerated static composting method, in which organic materials are piled 
in a large heap, layered with coarse materials such as wood chips and straw to allow 
air passage or placed on pipes that supply air. This method does not however, 
decompose adequately animal by-products and involve significant cost. 
 
In-vessel composting method occurs in a more confined environment where 
operating conditions such as temperature, flow of oxygen and moisture are 
monitored. The organic materials are placed in a silo or drum and mechanically 
turned. This method accommodates a wide variety of organic materials and is odour 
free. A commercially successful in-vessel composting process for the treatment of 
food wastes that leads to a high quality compost product has been described by 
Gomez et al [22]. 
 
The most widely used composting method in Nigeria is the windrow turning method 
[23]. 
 
 
Thermal treatment 
 
This involves the use of high temperature to breakdown combustible, organic wastes 
into smaller components, while producing energy in the form of electricity, steam 
and/or heat. Incineration, pyrolysis and gasification are methods of thermal treatment 
of wastes currently being practiced.  According to DEFRA, methods of thermal   
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treatment excluding incineration are classified as advanced thermal treatment 
technologies (ATT).  
 
Incineration 
 
Incineration uses temperatures of about 850-900°C and oxygen to oxidize organic 
wastes into carbon-dioxide and water vapour. Non-combustible materials (glass, 
metals) are discarded as bottom ash.  Other elements present in the waste such as 
sulfur and nitrogen are converted during the process to SO2 and NOx gases. The 
advantages and disadvantages of this method of MSW management are presented 
in Table 2.3 
 
Table 2.3 Advantages and disadvantages of incineration method of MSW 
treatment 
Advantages Disadvantages 
Reduces volume of waste 
Emission of noxious gases; SO2, CO, CO2, NOx, HCl, 
dioxins, furans and fly ash (containing heavy metals) 
Diverts wastes from landfill Unpleasant odour 
Produces energy  
Noise 
Capital intensive. Due to the capital intensiveness of 
incinerators, they are seldom practiced in developing 
nations. In Nigeria, this method of MSW is not 
practiced.  Open site burning of waste is however a 
common and popular practice.  
Energy intensive 
 
 
Due to the high capital cost of incinerators, they are seldom used in developing 
nations including Nigeria. Ojola and Bamgboye [24], however, report on the 
incineration of MSW collected from several dumpsites with a 66% waste volume 
reduction at an optimum temperature of 650°C to produce carbonaceous char used 
as fuel, oil and gases.   
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Incineration does not give a complete solution to the management of waste because 
some hazardous materials are still released into the environment in the form of fly 
ash as well as the high cost of off-gas clean up. Incineration, with energy recovery 
using the heat generated in the combustion to produce energy does however provide 
a means of value recovery from the waste treatment process. Other advanced 
methods of thermal treatment with energy recovery include: pyrolysis, plasma arc 
gasification and conventional gasification.   
 
Pyrolysis 
 
Pyrolysis is the thermal breakdown of waste in the absence of oxygen at 
temperatures above 450°C and under pressure. The degraded products are (i) solid 
char, composed of up to 40% carbon, (ii) syngas, a mixture of gases including CO, 
H2, methane and volatile organic compounds (VOCs),  with a calorific value of 
between 10-20MJ/Nm3 and (iii) condensed gas products to form oil, waxes and tar. 
There are different types of pyrolysis processes; carbonisation pyrolysis, gas 
pyrolysis and flash pyrolysis, and the type of process depending on the heating rate, 
temperature and reactor conditions.  
 
Gasification 
 
This is a thermal and chemical process that converts organic based wastes into 
clean fuel gases; carbon monoxide, hydrogen, carbon-dioxide, methane, 
hydrocarbon fuel and inert residues, in the presence of controlled amounts of air or 
oxygen (20-70% of O2 required for complete combustion) or steam at temperatures 
between 750°C - 1600°C.   
 
The operating temperature of the gasification process determines the amount of 
hydrocarbons produced. Process temperature between 750-1000°C produce high 
amounts of hydrocarbons, which can be used as heat sources or electricity while 
higher temperatures encourage the production of CO and H2, primary components of 
synthetic gas, which can be used in biofuel production. The general gasification 
reaction is: 
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The gasification process is characterized by 4 processes: drying of the organic 
materials, pyrolysis, oxidation and reduction.  The pyrolysis stage involves removal 
of volatile components. The reactions in the oxidation stage are exothermic, 
involving the partial oxidation of the carbon and hydrogen components of the waste, 
as shown in reactions (1) and (2)  
 
C + O2  CO2   (1) 
2H2 + O2        2H2O  (2) 
 
The reduction step, shown in equations (3) – (6), involves passing the partially 
combusted products through a charcoal bed. The lower the temperature in the 
reduction step, the lower the calorific value of the gases [25]. 
 
C + CO2 2CO   (3) 
C + H2O   CO + H2  (4) 
CO + H2O     CO + H2  (5) 
CO2 + H2    CO + H2O  (6) 
 
The calorific value of gases produced from this process is dependent on the type of 
organic waste processed, operating temperature, moisture content, ratio of air to fuel 
and gasifier used. The net calorific value of syngases is between 4-20MJ/Nm3 
depending on whether air, oxygen or steam gasification is used. (Natural gas has a 
calorific value of 38 MJ/Nm3) 
 
Plasma gasification 
 
Plasma arc gasification is the incomplete oxidation of MSW to produce combustible 
syngas (CO, CH4 and H2), heat and slag, without burning. The plasma arc is usually 
generated by passing either an electric current or a radiofrequency between two  
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electrodes, creating an arc through which an inert gas, under pressure is passed into 
the waste chamber. High temperatures in the 10000 - 20000°C range are used to 
treat the waste materials, converting them to gaseous products without burning. The 
by-products from gasification are converted to produce fuel, electricity and other 
petrochemical products. The slag is used as fillers in construction or as aggregates 
for road construction. 
 
Treatment of wastes using plasma technology reduces the production of exhaust 
gases by about 10%, and reduces the waste by about 90%, which makes the 
method seemingly more attractive than incineration [26]. Although this method of 
treating waste is effective compared to other thermal and land-filling methods, its 
widespread use is hampered by the high cost of energy consumption, of which up to 
80% is used in running the process [27]. Also constant availability of quality 
feedstock to produce quality by-product is a challenge. 
 
Microwave-induced gasification is a topical thermal treatment method that uses 
microwave radiation to generate plasma through a series of plasmatrons, which heat 
up carbon-based materials to produce a plasma field. Bonds within carbon, hydrogen 
and oxygen of organic wastes are broken and ionized. The ionized carbon and 
hydrogen react with superheated water from the waste to form syngas. 
 
 2.3.3  Use of organic waste in the production of Energy  
 
Since organic wastes are carbon containing they can be used in the production of 
energy to reduce the dependence on and consumption of fossil fuels. In the previous 
section, the conversion of organic waste streams to energy by the uses of direct 
incineration, advanced thermal technologies, such as gasification and pyrolysis, and 
by use of anaerobic digestion were described. Organic wastes can also be pelleted 
and converted to refuse derived solid fuels to be used as sources of fuel for example 
in cement kilns and in energy from waste incinerators.  The use of waste as sources 
of energy is, therefore, a potential route to the production of energy and a reduction 
in the consumption of primary fuel resources. 
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Energy is a key resource in Nigeria. The country benefits from a large renewable 
energy resource from petroleum reserves, and from solar, hydropower and biomass 
energy, the latter being the leading source of energy in Nigeria, contributing up to 
37% of the total energy demand to both urban and rural areas [28, 29]. The demand 
for this resource, however, cannot be sustained and constant misuse has led to 
environmental disasters including deforestation subsequently causing global 
warming, soil erosion and loss of biodiversity. Table 2.4 shows the different primary 
energy reserves in Nigeria and the amount of electricity currently being used. 
Despite these energy sources, it is estimated that the majority of the registered 
population on the national grid lack power supply 60% of the time and 140 million 
people (60%) do not have access to electricity [30].  Energy policy, from the national 
renewable master plan, estimated generating 42% (7000MW) of the electricity to a 
population of 169million in 2007, with an increase to 60% (14000MW) by 2015. 
These targets have not been met, with only 6000MW of energy generated for the 
current population of Nigeria in 2011 [29].  
 
It is therefore important to encourage the private sector to invest in the energy 
sector, including energy from waste technologies, as a possible alternative energy 
source. 
 
2.3.4  Other uses of organic wastes 
 
In developing countries, organic wastes are in high demand and are put to good use. 
In economies, were a culture of reuse and repair is propagated by scavenging so 
that, organic wastes, are major sources of income.  Uses of organic waste can be 
categorized: 
 
1. as fertilizers; 
2. as animal feeds; 
3. as sources of fuel; and  
4. in construction.   
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Table 2.4 Primary energy reserves in Nigeria  (adapted from [29-31]) 
 
Resources 
 
National reserves 
 
Current 
use 
Share of 
electricity 
supply (%) 2005 
Crude oil 35.2 billion barrels - - 
Natural gas 187.44 trillion scf - - 
Coal and lignite 4 billion tons - - 
Tar sand 
30 billion barrels of oil 
equivalent 
- - 
Fuel wood/animal 
waste/crop residue 
144million tons/year - 0 
Solar radiation 3.5-7.0 kWh/m2/day Marginal 0 
Wind 
2-4 m/s (annual 
average) 
Marginal 0 
Hydropower 14,750MW 1960MW 29.79 
scf – standard cubic feet 
  
 
The uses under these categories, however, are not necessarily the best means of 
recovering value from wastes, particularly if the wastes contain key components of 
high added value. The research described later in this thesis is designed to 
demonstrate that the recovery of commercially valuable components of waste can be 
achieved prior to the use of the residual wastes in applications such as those listed 
above. The two types of waste considered in this work namely food and waste 
lubricant oil are discussed in the following sections. 
 
 
2.4 Food Waste 
 
The food industry has a large share of the Nigerian economy, contributing about 
32% to the gross domestic product (GDP) in 2001, and is a major source of organic 
wastes arising from the manufacturing processes, catering establishments, retail  
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outlets and post consumption residues.  A report by the Swedish Institute of food and 
biotechnology, commissioned by the United Nations food agency, indicated that a 
third of food produced for consumption is wasted, estimated at 1.3billion tons per 
year [32]. The authors of the report further differentiated between “food losses” and 
“food waste”. Food losses affect developing nations and arise from both the 
production and distribution of food, a situation attributed to minimal infrastructure; 
while food waste arises because households and retailers discard edible food for 
human consumption, and is more typical in developed nations. Parfitt et al [33] 
define food loss and food waste as follows: 
 
“Food losses refer to a reduction in edible food mass throughout the part of the 
supply chain, from production to processing stage that specifically leads to edible 
food for human consumption.” 
 
“Food waste refers to food losses occurring at the end of the food chain.” 
 
The materials from both food wastes and food losses are mostly disposed of to land-
fills and this generates methane, a potent greenhouse gas that contributes to climate 
change. Alternative treatment methods include: incineration to generate energy; 
aerobic and anaerobic digestion to produce compost and biogas respectively, and 
conversion into animal feed.  
 
During the processing of animal food products, such as livestock and seafood, 
wastes are also produced, which are not suitable for human consumption. According 
to EU regulation No. 1069/2009 and implementation regulation (EU) 142/2011, 
animal by-products wastes are defined as: 
 
“Entire bodies or parts of animals, products of animal origin or other products 
obtained from animals that are not intended for human consumption” [34]. 
 
This definition includes catering wastes, used cooking oil, slaughterhouse wastes 
and others.  Animal by-product wastes are classified into 3 major categories.  
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 Category 1 is classified as the highest risk materials by Article 8 of Regulation 
(EC) 1069/2009. They consist of parts of animals with high risk of 
Transmissible Spongiform Encephalopathies (TSE), with potential to harbour 
diseases.  
 
 Category 2 is defined in Article 9 of the Control regulation and includes fallen 
stock, manure and digestive contents.  
 
 Category 3 is defined in Article 10 of Regulation (EC) 1069/2009 to include 
parts of animals that are classified fit for human consumption but not intended 
for human consumption because they are not parts of animals for 
consumptions (e.g. hair, bones, and feathers). This category as low risk and 
include catering and domestic kitchen waste. 
 
 
The third category, under which the food waste streams that are of focus in this 
research falls can be managed by use as raw materials in plants, incinerated, 
rendered, ensiled, composted or processed into biogas. 
 
The food wastes studied in this research are of two types - seafood and beverage 
wastes.  
 
2.4.1 Seafood wastes 
 
The demand for seafood is on the rise with an estimated 3% increase annually and a 
global market worth US$100 billion per year [35].  
 
Nigeria, with its approximate 853km coastline and 14 million hectares of inland 
waters [36], engages in aquaculture activities that, contribute 3.5% to the national 
GDP. Fishing is a major occupation especially in the rural communities, producing 
over 627,908 tonnes [37] of shell and fin fish each year. Lagos State has an 
estimated shrimp production of 300,000t pa [38]. The population’s demand for  
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seafood of approx. 1.55 Mt cannot be met by internal production alone and thus 
relies on the import of treated and frozen products, as shown in Table 2.5 - 2.7  [36, 
39, 40].  Despite this, the shrimp production industry in Nigeria is mainly export-
oriented because of the high economic value it generates (USD1.6million pa) 
compared to other seafood produced in the country. During the pre-exportation 
treatment processes a substantial amount of waste is produced [41], which is not 
properly treated and disposed of, with most of the waste being dumped in open fields 
or abandoned in the drainage channels of the processing factory.  
 
The growing national demand for seafood has generated private sector interests in 
aquaculture, resulting in increasing participation in seafood production, with an 
estimated increase from 26Mt in 2000 to approx. 86Mt in 2009 [40], as a 
consequence, increasing levels of wastes. The absence of enforced legislation to 
manage seafood production from the different government and private sector 
sources has made documentation of wastes arising from these sources impossible.  
 
Treatment processes adopted by commercial wholesalers and retailers of seafood in 
Nigeria, as well as other West African countries are geared towards preservation, 
with little focus on the wastes generated during the initial processing stages. 
Preservation methods such as salting, smoking, freezing and drying are carried out 
before the products are packaged for sale, with no proper disposal outlets for the 
offal and other waste matter produced during these processes. Other sources of 
seafood wastes come from domestic sources, albeit on a small scale, and these are 
mostly composted.  
 
By-products of seafood processing make up about 60% of the non-edible seafood 
wastes, which consist of intestines, heads, bones and skin. These contain useful 
nutrients that can be extracted and used as food supplements, with high contents of 
protein, fatty acids, and lipids identified in both fish and shellfish wastes [42-44].  
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Table 2.5 Total quantity and value of annual imported fish product [37] 
2009 2008 2007 2006 
Quantity 
(tonnes) 
Value 
(USD$) 
Quantity 
(tonnes) 
Value 
(USD$) 
Quantity (tonnes) Value 
(USD$) 
Quantity(tonnes) Value 
(USD$) 
746,851 766,699 937,428 909,496 739,666 594,374 646 485 450 
141 
 
 
Table 2.6 Total quantity and value of annual exported seafood products 
2009 2008 2007 2006 
Quantity 
(tonnes) 
Value (USD$) Quantity 
(tonnes) 
Value (USD$) Quantity 
(tonnes) 
Value (USD$) Quantity 
(tonnes) 
Value 
(USD$) 
4761 96,233,301 5355 47,905,807 5137 28,311,321 7736 46,804096 
 
 
Table 2.7 Annual fish production in Nigeria 
Year 2009 2008 2007 2006 
Production 627,908 541,368 530,419 552,315 
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Current use of the seafood waste by-products include processed into fish meal, 
silage or use of hard wastes in construction and as a source of commercially viable 
materials.  
 
Silage is a liquid product obtained by natural enzymatic breakdown of fish or fish 
waste in the presence of acids. The digestive enzymes break down fish protein and 
lipids into amino acids and fatty acids, while the acids, usually formic or mineral 
acids, reduces the pH creating an environment in which pathogens and putrefying 
microorganisms cannot thrive. There are two silage processing methods: (i) acid 
silage and (ii) fermentation silage, both of which are used to produce animal protein 
feed [44].  
 
Production of fishmeal involves two processes; the wet process and the dry process. 
The stages involved in the wet process include: (i) cooking the raw materials, (ii) 
pressing to form a cake, and (iii) drying with simultaneously extraction of liquid 
followed by centrifuging to recover oil from water. In the dry process, the raw waste 
fish is ground and cooked. 
 
The use of seashell wastes in construction [45] has been reported -  periwinkle shells 
are used in road construction, making concretes and filling of flooded ground. Chitin 
and chitosan have been extracted from periwinkle shells [45], while a protein that is 
rich in lysine [38] and chitin [41] have been extracted from shrimp waste.  Oyster 
shells have been used in the production of calcium carbides, lime, fertilizer and 
cement. The shells have also been ground into ashes and used as abrasives, which 
is tough on stains and can be used to polish metal wares [46]. 
 
2.4.2  Beverage wastes 
 
Wastes in Nigeria’s beverage industry are those from the brewing of non-alcoholic 
malted drinks, alcoholic beer, cider and juices. There are about 32 breweries 
producing a total of 40 different brands of alcoholic drinks and 8 different brands of 
malted drinks. The production capacities of the beverage industry are not readily  
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available but an estimated 680million litres of beer was reported in 2003 with over a 
100% growth to 1.5 billion litres in 2008 reported by CSL stockbrokers Ltd, Nigeria.  
 
The brewing industry generates substantial amounts of wastes - the most common 
being waste sludge, spent grain, spent yeast and spent hop. Brewers’ spent grain 
represents close to 85% of the total wastes from the brewing industry [47, 48] and 
general management of these wastes includes their use as ingredients in animal 
feed, in the production of soil fertilizers, and disposal to landfill or as feedstock for 
incineration. Other treatment methods according to Odior [49] include anaerobic 
digestion and activated sludge treatment.  The nutritional values of products from the 
brewing process have high concentrations of proteins and polysaccharides. 
Compositions of spent grain, presented in Table 2.8, show the high protein and 
carbohydrates content. Other components found in spent grain are minerals 
(calcium, potassium, Iron, sodium) and vitamins (biotin, cholin, folic acid, riboflavin, 
thiamine) [47, 48]. 
 
 
Table 2.8 Composition of brewers’ spent grain (Adopted from [48]) 
 
Composition of spent grain 
 
Dry Weight (%) 
Proteins 15-24 
Fibre 2 
Fat 2.5-10.6 
Carbohydrate 80 
Ash content 2.3-8 
Cellulose 16-25.4 
Lignin 7-28 
 
The range of dry weight (%) of the spent grain components arises from the different 
operating conditions used in different breweries. Furthermore the moisture content 
can affect the stability of the spent grain causing it to decompose within a short 
period of time.  
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Although spent grain constitutes the bulk of the waste from the brewing industry 
spent yeast also contains high value components, which have not been extensively 
explored for commercial and industrial uses.   
 
Cider is an alcoholic beverage made from apple fruits, rich in phenolic compounds 
(procyanidin, tannin), organic acids (malic and quinic) and sugars (fructose, glucose 
and sucrose). The process of cider production involves three stages: 
 
1 Grinding and pressing the fruits 
2 Fermentation 
3 Maturation and stabilisation 
 
Firstly, ripe fruits are harvested and cleaned in a scrubber to rinse and remove 
chemicals and dirt. A variety of the apple fruits are blended mechanically into fine 
pulp to ensure maximum amount of juice is extracted. The extracted juice is passed 
through a screening mesh to remove traces of pulp; sulphite is added and the juice 
transferred to a cooling tank to inactivate unwanted microorganisms.  
 
Yeasts, found externally on apple skin and internally in the flesh are primarily 
responsible for the natural fermentation, taste and flavour characteristic of cider. 
Other strains of yeast are also added as required. Studies by Valees B.S.[50] 
indicates that the yeast species predominantly involved in the alcoholic fermentation 
process is of the genus Saccharomyces. The Saccharomyces bayanus strain 
showed predominance during the initial fermentation stage while the Saccharomyces 
Cerevisiae strain was dominant at the later stage of fermentation. Overall, 
Saccharomyces cerevisiae yeast strains are popular in cider production [50, 51]. The 
operating temperature for fermentation is determined by the cider product desired, 
and the duration ranges from 1 week to 3 months [51], to give fermentation products 
that include: organic acids (malic, lactic and succinic acids), sulphides, CO2, esters 
and alcohols. The final maturation and stabilisation stage involves the conversion of 
malic acid to lactic acid by lactic acid bacteria, to reduce the sharp malic acid flavour, 
followed by the addition of bentonite. Other stabilising agents such as albumin and  
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gelatine are sometimes used. The mature cider is filtered with membrane filters to 
remove waste yeast residue.  
 
Spent yeast, from the brewing of beer or cider contains high concentrations of 
polysaccharides, amino acids, vitamins and minerals, some of which are listed in 
Table 2.9 [52].  
 
Cider yeasts cells are composed of macromolecules with different functions, which 
are found either externally on the cell wall or internally. The different cell 
components, their location and function are listed in Table 2.10. 
 
 
Table 2.9 Composition of brewers’ waste yeast 
 
Composition 
 
Vitamins 
 
Amino acids 
 
Polysaccharides 
 
Elements 
Cholin Alanin Glycogen Calcium 
Riboflavin Glycine Glucans Potassium 
Pantothenic acid Phenylalanine Mannan Phosphorus 
Folic acid Leucin 
Chitin 
Magnesium 
Biotin Histidine Iron 
Niacin 
Valin Copper 
Arginine 
Zinc 
Manganese 
 
 
The yeast cell is surrounded by 3 layers of protective envelope: the plasma 
membrane, the periplasmic space and the outer cell wall, all of which make up about 
15-30% of the dry cell weight. The protective envelope surrounding the yeast cell 
determines the structure of the cell, maintains osmotic balance and protects from  
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environmental stress [53-55]. The percentages of the cell wall composition vary and 
is subject to growth parameters; temperature, pH, carbon source and nitrogen 
limitations, which have caused an increase in the chitin content to about 20 - 45% 
[54, 56, 57], and the glucan content, varying from 1% to about 29% [58]. 
 
 
Table 2.10 Macromolecules present in yeast (adapted from [59]) 
 
Macromolecules 
 
Location 
 
Function 
 
Proteins Plasma 
membrane and 
cell wall 
 Enzyme for cell wall synthesis 
 Transport medium 
 Regulate nutrition and expel 
unwanted materials 
Glycoproteins Periplasm  Hydrolyses substrates: 
 Catalyse the liberation of free 
phosphate from organic 
compounds 
 Permeability of the cell wall 
 Acts as a filter for large materials 
Polysaccharides 
(80-90%) 
Cell wall Storage 
Polyphosphates Cell wall Storage 
Lipids Plasma 
membrane and 
cell wall 
Transport medium 
Nucleic acid Internal Storage 
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Therefore, yeasts cultivated in different reactors will invariably have different growth 
parameters, which will ultimately alter the cell wall composition. An illustrative 
diagram of a yeast cell is shown in Figure 2.2 while Figure 2.3 shows a detailed 
composition of the yeast cell wall. The percentage of cell wall components as 
reported in literature are presented in Table 2.11. 
 
 
 
Figure 2.2 Diagram of a yeast cell   [59] 
 
 
Figure 2.3 Composition of yeast cell wall showing covalent linkages 
ER: Endoplasmic 
reticulum 
S: Secretory vesicle 
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β-1, 3-glucan accounts for most of the polysaccharides as shown by the green 
strands in Figure 2.3.  The macromolecules are linked together by a β (1→4) - or β 
(1→3) - covalent linkages between the reducing end of chitin (indicated as light blue) 
and the non-reducing end of β-1, 3-glucan, and the mannoproteins (dark blue in 
Figure 2.3) are attached to β-1, 6-glucan (red strands) by 
glycosylphosphatidyllinositol anchor. 
 
The β-1, 6-glucan creates the link among components, as well as stabilises the cell 
wall structure. 
 
 
Table 2.11 Composition and mass (%) of Saccharomyces cerevisiae yeast 
 
 
References 
 
% cell wall dry weight 
 
[60] [61] [55] [53] 
M
ac
ro
m
ol
ec
ul
e Mannoproteins 30-50 40 35-40 40 
β-1,6-glucan 5-10 
60 
n/a 
ca .60 
β-1,3-glucan 30-45 50-55 
Chitin 1.5-6 2 n/a ca. 2 
 
 
Each component of the yeast cell wall is valuable, with extensive uses in the 
medical, nutrition, cosmetic and engineering fields.  Extraction of β-glucan, a major 
component of yeast is documented extensively in literature, using alkaline hydrolysis, 
acid-alkaline hydrolysis [NaOH (2%) and acetic acid (3%) at 90°C for 5hours], 
alkaline–enzyme hydrolysis and enzymatic digestion and acid hydrolysis, to obtain β-
glucan of high purity [53, 55, 62]. 
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Mannoproteins were extracted by Dikit et al. [63] by autoclaving in a citrate-acid 
buffer (pH 7) for 30 minutes with a 0.27g/g wet cell yield. The use of glucanase, 
laminarinase and zymolyase enzymes, which digests the yeast cell wall by breaking 
the glucan network and isolating mannoproteins, have also been documented [64, 
65], followed by affinity chromatography. 
 
Although at a lesser quantity in the yeast cell compared to mannoproteins and the 
glucans, chitins have shown to have extensive applications in a wide range of 
industries, especially in the biomedical field, because of their unique properties.  
 
 
2.5 Waste Lubricant Oil  
 
In this section, an overview of the oil and gas industry and products of the refining 
process are described. Lubricant oil, a product of the petroleum industry generates 
wastes at the end of its use. The production, use and application of waste lubricant 
oil and their end-of-life management are described with emphasis on motor engine 
lubricant oils studied in detail in this research. 
 
2.5.1 Overview of the oil and gas industry 
 
The oil sector of Nigeria is the largest contributor to national GDP and foreign 
exchange earnings (95%). It ranks 10th in the list of oil producer countries in the 
world and is the 3rd largest oil exporter in Africa.  Oil production per day is estimated 
at 3 million barrels (~ 3% of global production) and Nigeria has reserves that were 
estimated at 37 billion barrels in 2010. There are 4 refineries in Nigeria but due to 
poor management and lack of adequate infrastructure; these refineries operate at 
below 50% of installed capacity.  For this reason, there is a constant dependence on 
the importation of petroleum products to meet domestic demands for these products.  
 
Crude oil is a complex mixture of liquid hydrocarbons and other organic and 
inorganic compounds containing nitrogen, sulphur and oxygen, found beneath the  
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surface of the earth.  There are three major types of hydrocarbon in crude oil: (i) 
paraffins, (ii) naphthenes and (iii) aromatic hydrocarbons.  
 
The oil and gas industry engages in exploration and processing of natural crude 
resources into valuable petrochemical products. The processes involve upstream 
exploration and production, to identify the resources, and downstream processes to 
convert extracted crude natural resources, through series of refining and distillation 
processes, into different petroleum products before distribution. The refining 
processes involve heating and separation of the components according to their 
boiling temperature ranges.  Two types of distillation are involved:  atmospheric and 
vacuum distillation. In atmospheric distillation, the crude oil is heated between 350-
400°C, at atmospheric pressure in a distillation column. The gaseous products rise to 
the top, while the liquid and heavier products are collected in layered trays at the 
bottom of the column. Products of crude oil atmospheric distillation and their boiling 
temperatures are presented in Table 2.12. The residue collected in the lower trays 
can be burnt as fuel or processed into waxes, lubricant oil or bitumen. The heavy 
residues from the atmospheric distillation are transferred to a second distillation unit 
and processed under vacuum to recover separate hydrocarbons of boiling point 
450°C and above.  
 
Products of vacuum distillation are further treated to remove impurities and to make 
products based on market demands. The purification processes include:  
 
1. Solvent extraction 
2. Catalytic processes 
3. Hydro-treatment and desulphurisation  
 
 
2.5.2 Environmental impact of downstream production 
 
Wastes occur throughout the life cycle of the oil and gas industry. Wastes produced 
from the upstream processes include atmospheric emissions, drilling fluids, drilling 
mud and cuttings as well as oil spills. These wastes have caused environmental  
Chapter 2  Feyisetan Oluremi Thompson 
 
~ 54 ~ 
 
 
impacts such as land degradation, deforestation, and water and air pollution leading 
to ill-heath.  
 
Table 2.12 Products from crude oil refining with corresponding boiling point 
range 
 
Crude oil products 
 
Boiling temperature 
range (°C) 
LPG -160-20 
Gasoline 40-60 
Naphtha 60-180 
Kerosene 120-240 
Gas oil or diesel fuel 220-250 
Lubricants 280-370 
Waxes 350-400 
Residual fuel oil(bitumen) 350+ 
 
 
The downstream production of petroleum products generates a wide range of solid, 
liquid and gaseous wastes.  Some of these wastes are listed in Table 2.13. 
 
2.5.3 Lubricant mineral oil 
 
Lubricant mineral oil is a product of crude oil distillation with boiling temperature 
range between 280-400°C. The use of these oils is essential in preventing fiction 
between two moving surfaces and are important in the removal of impurities in 
engine systems, in heat transfer acting as coolants, and in preventing metal 
corrosion and wear [66].  Lubricants are widely used in industrial machineries and in 
automobile engines with the largest consumption being in the automobile industry.  
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Table 2.13 Wastes from downstream petroleum processes 
Downstream processes Location 
Refining process waste  Storage tank residue – emulsion, water 
and solid particles, sludge 
 Slurry oil from distillation column and 
catalytic cracker unit 
 Flue gases 
 Catalyst losses 
 Sulfur products 
 Clay from extraction lube oil processing 
and alkylation processes 
 Waste water 
Transportation 
Wastes 
 Oil spillage from pipe  
 Water pollution from tank washing 
Marketing 
Wastes 
Pollution from retail outlet on land, seas and 
air 
 
 
Lubricant mineral oils account for approximately 1.2% i.e. about 40million tonnes of 
the total annual global petroleum consumption [67]. These oils are potentially a 
reusable resource [68, 69], which can be restored and used again for their original 
purpose. They are made up of approximately (i) 73-80w/w% aliphatic hydrocarbons, 
(ii) 11-15% mono-aromatic hydrocarbons, (iii) 2-5% di-aromatic, hydrocarbons and 
(iv) 4-8% polyaromatic hydrocarbons [70].  
 
The components of lubricant mineral oils can be classified into 3 categories: 
 
1. Paraffinic – these are products of solvent extraction or hydro-cracking 
treatment processes and are made up of straight chain and/or branched 
aliphatic hydrocarbons. 
2. Naphthenic – saturated hydrocarbons with closed ring structures. 
3. Aromatic – these are unsaturated, ringed hydrocarbons such as benzene 
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The concentration of each category in lubricant mineral oil is determined by the 
source of the crude oil and the refining process, which also determines the 
concentration of other minor components, nitrogen, sulfur, oxygen and metals found 
in the oil. 
 
Lubricant oils can be sourced, not only as a product of crude oil distillation but also 
as a man-made synthetic oil from mixtures of organic compounds [71], with the 
addition of specific additive to enhance its performance for specific functions. 
Lubricant oil is, therefore, made up of base oil (mineral oil and/or synthetic oil) and a 
combination of additives. 
 
According to the American Petroleum Institute, base oils are classified into 5 groups, 
group I -III representing mineral oils and groups IV and V, synthetic oils. The groups I 
- III mineral base oils are fractionally distilled and undergo further purification either 
by solvent extraction or hydro-treatment to improve specific properties. Group IV 
synthetic base oils are produced from polyalphaolefins (PAO) while group V oils are 
synthetic oils produced from organic products such as polyesters, polyalkylene 
glycols and others. Table 2.14 shows the API classification of base oils and their 
characteristics.  Another group of base oils, not currently recognised under the API 
classification does exist -  the polyinternalolefins (PIO), introduced by the Association 
des Constructeurs Europeans D’Áutomobiles (ACEA) [72]. 
 
Studies by Bamiro et.al [73] show that most of the lubricant oils produced in Nigeria 
are made from imported mineral-based, solvent neutral base oils (SN150 and 
SN500). Of an estimated 377million litre per annum (mlpa) of base oils imported by 
both major multinational and independent oil marketers, approximately 300mlpa are 
converted to lubricant oils of different grades. 
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Table 2.14 Characteristics and composition of base oils (adapted from [72]) 
API 
Group 
Base oil characteristics 
Sulfur 
content 
(weight %) 
Viscosity 
Index 
Treatment methods 
Composition 
(weight %) 
I >0.03 80-119 Solvent extraction 
<90 saturates, ≥10 
aromatics 
II <0.03 80-119 
Solvent treatment and 
Hydro-cracked 
≥90 saturates, <10 
aromatics 
III <0.03 120+ 
Solvent treatment and 
further hydro-cracked 
≥90 saturates, 
<10 aromatics 
IV n/a 135-140 Oligomerisation Polyalphaolefines 
V n/a 140 
Synthetic reaction of 
acids and alcohols 
Polyesters, PEG, 
 
 
2.5.4 Synthetic Lubricant  oil 
 
Synthetic lubricant oils are chemically formulated hydrocarbon compounds, tailored 
for specific functions, with unique properties that make them superior to lubricant 
mineral oils. This class of oils have unique thermal stability in that they are (i) not 
easily oxidized at high temperatures and (ii) readily flow at extreme low temperatures 
compared to lubricant mineral oils. Other properties of synthetic lubricant oils 
include: 
  
- Low volatility;  
- Attract minimal contaminant;  
- High degree of branching which leads to low temperature complexes; 
- Ability to operate over a wide temperature range;  
- Ability to control viscosity/temperature properties to give base oils with low 
pour points;  
- Low polarity and therefore poor solvency power; and 
- Good physical, chemical and thermo oxidative stabilities. 
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Synthetic lubricant oils can be produced by the Fischer-Tropsch process in which 
methane, carbon dioxide, carbon monoxide and hydrogen (synthesis gases) are 
converted into different hydrocarbons, and polymerisation of α-olefins to give 
polyalphaolefines (PAO), from biological oil and fats (from vegetable and animal 
produce)[74]. 
 
2.5.5 Additives 
 
To improve the functions of lubricants base oils, additives are incorporated. The 
additions of additives are essential and to a large extent depend on the intended 
application of the oil. Typical additives used in lubricant oils and their functions are 
listed are presented in Table 2.15 [75].  Without additives, lubricant mineral oils 
would rapidly undergo oxidation; accumulate dirt, and cause rapid engine failure.   
 
2.5.6 Generation of Waste lubricant Oil  
 
Waste oil is defined by the Environmental Protection Agency (EPA) as: 
 
“Any oil that has been refined or any synthetic oil that has been used, and as a result 
of such use is contaminated by chemical or physical impurities’ 
[76] 
 
European legislation Council Directive 75/439/EEC views waste oil as: 
 
“Any semi-liquid or liquid used product, totally or partially consisting of minerals or 
synthetic oil, including the oily residue from tank oil – water mixtures and emulsion” 
[77]  
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Table 2.15 Additives found in lubricant oil (Adapted from [75]) 
 
Purpose of Additive 
 
Additives 
Anticorrosion 
Zinc dithiophosphates, metal phenolates, fatty acids and 
amines 
Antifoaming Silicon polymers, organic copolymers 
Antiodorant Perfumes, essential oils 
Antioxidant 
Zinc dithiophosphates, hindered phenols, aromatic amines, 
sulfurised phenols 
Antiwear 
Chlorinated waxes, alkyl phosphites and phosphates, lead 
napthenate, metal triborates, metal and ashless 
dithiophosphates 
Colour stabiliser Aromatic amine compounds 
Corrosion Inhibitors 
Metal sulfonates, metal dithicarbamates, alkyl phenolates, 
alkyl carboxylates and alkyl substituted salicylates 
Detergent 
Alkyl sulfonates, phosphates, alkyl phenates, alkyl 
phenolates, alkyl carboxylates and alkyl substituted 
salicylates 
Dispersant Alkylsuccinimides, alkylsuccinic acid 
Emulsion Fatty acids, fatty amides and fatty alcohols 
Extreme pressure 
additive 
Alkyl sulfides, polysulfides, sulfurized fatty oils, alkyl 
phosphites and phosphates, metal and ashless 
dithiophosphates and carboxylates, metal dithiocarbamates 
and metal triborates 
Friction modifier Organic fatty acids, lard oil, phosphorus based compounds 
 
 
Waste oil is a by-product of the use of both lubricant mineral and synthetic oils, and 
will contain in addition to the contained additives and water, the products of 
incomplete combustion, soot and dirt. Other contaminants will include, trace metals, 
chlorinated solvents, organometallic compounds, polynuclear aromatic hydrocarbons 
(PAH) [68] and polychlorinated biphenyls (PCB) [77]. A list of components found in 
waste oil categorised according to their sources is presented in Appendix I. 
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It has been reported that in 2004 Nigeria produced approximately 200 million litres of 
waste lubricant oil [73]. The sources of the waste are garages, power plants,  
industrial sites (brewing, food processing, petrochemical, construction, metal 
recycling and cement manufacture); and transportation (commercial and private). 
 
Once lubricant oils reach the end of their functional life, they are disposed of illegally 
as waste lubricant oils, creating potential environmental impacts on humans, animals 
and the ecosystem. There is a market for waste lubricant oils; with applications in the 
domestic, commercial, industrial and manufacturing sectors. They are mostly used 
as domestic fuel for cooking and electricity production and sold locally as “black fuel” 
to low maintenance motorists for use in second hand vehicles. Due to the high 
demands for waste oils, low grades lubricant oils are locally made and sold at low 
prices.   
 
Limitations to an effective waste management system arise from the absence of a 
structured collection, treatment and disposal framework, which has encouraged illicit 
disposals. Management of waste lubricant oil is a major concern in Nigeria because 
there is no enforced legislation particularly for commercial sources (transportation 
and mechanic garages) of wastes; therefore they end up in rivers, where they are 
known to contaminate aquatic life, evident in the increase of heavy metals found in 
fish [78] and surrounding vegetation. 
 
Waste lubricant oil management options currently being practiced in Nigeria include: 
 
 Reuse – recovering the inherent heat value by using as fuel 
 Re-refining to lube oil; and 
 Disposal 
 
Most reuse practices involve use as fuel for boilers; (Cadbury Nigeria, a food and 
beverage company uses the waste oil to generate steam for its boilers), for cooking 
with firewood, thrown out on the ground surface for dust control and in-road 
construction. These reuse practices, however, are environmentally unfriendly.  
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2.6 Summary – Opportunities for Added Value from Organic 
Waste Streams 
 
The current management systems used in Nigeria for the treatment of organic 
wastes are basic and do not allow for the uses of these wastes as a resource for the 
recovery of added-value components or for their treatment to permit their recycle and 
reuse in their original application. 
 
The seafood wastes described in this Chapter in Section 2.4.1 and the beverage 
yeast wastes described in Section 2.4.2 for example contain numerous unexploited 
expensive and valuable materials such as glycosaminoglycans (GAGs), collagen, 
chitin and chitosan.  These materials have unique characteristics that make them 
valuable in engineering, medicine, pharmaceuticals, nutrition and cosmeceuticals as 
a result of their biocompatibility and low toxicity. If methodologies can be devised to 
extract these high added value components from the food wastes, this would provide 
an alternative and potentially valuable method of exploiting the value contained in 
these wastes. The ionic liquid based extraction methodologies developed in this 
work and described in Chapter 4 are designed to exploit these wastes as sources of 
the added value chemicals that they contain. 
 
Although there is a market for waste lubricant oil generated in Nigeria mainly for use 
as an inexpensive fuel source, a much more economically sound and 
environmentally friendly method of treatment would be to recover the oils in a form 
that would permit their reuse directly as lubricants thereby reducing the consumption 
of virgin materials in the production of the lubricating oils. The ionic liquid based 
treatment methodologies developed in this work and described in Chapter 5 are 
designed to recover spent lubricating oils for reuse in their original or similar 
applications. 
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CHAPTER 3: SYNTHESIS AND USE OF IONIC LIQUIDS 
 
 
3.1 Introduction 
  
Ionic liquids (ILs) are generally classed as organic salts [79, 80] with melting points 
below 100°C. These salts are not new; the earliest substance, ethylammonium 
nitrate (C2H5NH3NO3), with a melting point of 12°C, was identified in 1914 by Walden 
[81]. Interest in these solvents, however, only commenced with the discovery of the 
binary solvent mixture of 1,3-dialkylimidazolium aluminium chloride or N-
alkylpyridinium aluminium chloride [82, 83]. Different synonyms have been used to 
classify these salts, which include “neoteric solvents”, “designer solvents” and “room 
temperature ionic liquids”, amongst others [79, 83-85]  
 
Classification of ionic liquid solvents is into 3 main groups. The first group is the first 
generation ILs, which include the haloaluminate ILs e.g. 1-ethyl-3-methylimidazolium 
tetrachloroaluminate [EMIM][AlCl4], which were among the first reported in 1982 [79]. 
They are synthesised by mixing a Lewis acid, aluminium chloride, with an 
appropriate organic halide salt. This group of ILs have many applications and 
dissolve a wide range of organic and inorganic molecules; however, these ILs are 
moisture sensitive, air- and water-unstable and are known to be hazardous, causing 
skin irritations [86]. For this reason, more air- and water- stable alternatives were 
developed such as 1-butyl-3-methylimidazolium chloride [BMIM][Cl] [83]. The second 
generation ILs are haloaluminate-free and are prepared by a metathesis reaction of 
an organic halide salt with a weakly coordinating anion; examples are 1-butyl-3-
methylimidazolium tetrafluoroborate [BMIM][BF4] and 1-ethyl-3-methylimidazolium 
hexafluorophosphate [EMIM][PF6]. These solvents, initially assumed to be air- and 
water-stable, produce toxic hydrofluoric acid when in contact with air or water. For 
this reason, a hydrophobic IL with bis(trifluoromethylsulfonyl) imide [NTf2] anion was 
later synthesised, which is air- and water-stable [79].  
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The third category of ILs contains the task-specific ILs (TSIL). They are designed for 
a specific purpose by appending a functional group to the cation or anion. An 
example is an imidazolium salt with a thiourea or urea functional group, which have 
been used for the extraction of mercury and cadmium from aqueous phases [87]. 
 
3.1.1 Properties of IL 
 
In as much as the properties of ILs cannot be generalised because of the different 
combinations of ions, the common ILs have multiple properties that permit their use 
as replacements for volatile organic solvents in chemical reactions. They are liquid at 
room temperature with negligible, measurable, low vapour pressure due to the 
reduced coulombic interaction between the ions. Despite this, there are indications of 
vaporisation of some ILs under severe temperature (200-300°C) and vacuum 
conditions, which have enabled their distillation [79, 88, 89].  ILs are non-
coordinating, non-flammable solvents and are electrochemically, thermally and 
chemically stable, which means reactions can be carried out with ILs at high 
temperatures (≤ 400°C).  For example 1-ethyl-3-methylimidazolium tetrafluoroborate 
[EMIM][BF4] and 1-ethyl-3-methylimidazolium  bis(trifluoromethylsulfonyl) imide   
[EMIM][NTf2] are thermally stable up to 300°C and 400°C respectively [90].  ILs have 
good solvent properties and are able to dissolve a range of polar and non-polar 
organic compounds. They also have a wide liquid range of over 300°C. 
 
They are made up of positively and negatively charged ions, where either of the ions 
is large, with an unsymmetrical organic cation and an organic or inorganic anion. The 
combinations of cations and anions, with delocalised charge, prevent crystallisation 
to form a solid lattice as found in the ionic solid sodium chloride, (NaCl). The 
dispersion of ions and the weak coulombic attraction force between the ions results 
in the liquid nature of ionic liquids and their low melting point [91, 92]. Figure 3.1 
illustrates the ion packing in ILs compared to that of the solid ionic lattice in NaCl. 
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Figure 3.1: Illustrative structural packing in ILs and NaCl 
 
 
There are approximately 1012 – 1018 [92, 93] possible combinations of ions to form 
ILs. The different combinations determine not only the nature of ILs as either 
hydrophobic or hydrophilic [80] but also determine other physical and chemical 
properties. Tables 3.1 and 3.2 show generic structures of some cations and anions 
used for IL synthesis. 
 
 
Table 3.1 Examples of cations used in IL synthesis 
Names Imidazolium Pyridinium Pyrrolidinium Ammonium Phosphonium 
Cation 
Structure 
 
 
 
N
+
R
R
R
R
 
P
+
R
R
R
R
 
 
 
 
 
Chapter 3  Feyisetan Oluremi Thompson 
 
~ 66 ~ 
 
 
Table 3.2 Examples of anions of IL synthesis 
Anions 
[BF4]− Tetrafluoroborate 
[PF6]- Hexafluorophosphate 
[NTf2]- Bis(trifluoromethylsulfonyl) imide 
[NO3]- Nitrate 
[Cl-]  Chloride 
[F-] Fluoride 
[Br-] Bromide 
HSO4- Hydrogen sulfate 
 
 
The judicious selection of ions can be used to design air- and water- stable solvents. 
The influence of anions on IL miscibility in water is significant, while that of cations is 
secondary [94]. For example, the IL 1-alkyl-3-methylimidazolium tetrafluoroborate 
(CnMIMBF4) is miscible in water if the alkyl group is ≤ 4-carbon atoms, and it 
becomes immiscible with carbon atoms above 4 [95]. An increase in the alkyl length 
increases the hydrophobic nature of the solvent and so decreases the solubility of IL 
in water, while basic anions such as halides (Cl- Br-, F-, I-), nitrate [NO3]-, and acetate 
[CH3CO2]- increase water solubility because they are strongly coordinating and have 
the ability to form hydrogen bonds with water molecules. 
 
It is the large size and asymmetrical nature of the imidazolium cations that give ILs 
their low melting point, compared to that of molecular solvents, but as the length of 
the alkyl chain increases (n>5), the melting point increases because the alkyl chain 
becomes the main feature of the structure of the cation, and not the imidazolium ring 
[96]. In addition, alkyl chain branching also increases the melting point [92] due to 
the increased intermolecular interaction in long chain alkanes compared to branched 
alkanes. 
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3.1.2 Nomenclature of ionic liquids 
 
The name of an IL is based on the cation, anion and the alkyl group on the cation. 
Due to the complexity of the names, however, it is common to use acronyms to 
identify ILs. Table 3.3 lists some ILs used in this research. 
 
 
Table 3.3 Nomenclature of some ILs used in this research 
Cation Anions 
Nomenclature 
of ionic liquid 
BMIM+ 
1-Butyl-3-
methylimidazolium 
Cl- Chloride 
BMIMCl 
 
HBet+ Betanium NTf2- 
Bis(trifluoromethyl 
sulfonyl) imide 
HBetNTf2 
[DMAPA]+ 
Dimethylaminopropyl
amine 
[FA]- Formate [DMAPA][FA] 
HMIM+ 
1-hexyl-3-
methylimidazolium 
Br- Bromide 
HMIMBr 
HPyr+ 1-hexylpyridimium HPyrBr 
PMIM+ 
1-propyl-3-
methylimidazolium 
PMIMBr 
 
 
3.2 Synthesis of Ionic Liquids 
 
The methods of synthesis of ILs are typically of three types: (i) conventional method, 
(ii) microwave-assisted method and (iii) ultrasound-assisted synthesis. Brief 
descriptions of these are set out in this section. 
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3.2.1 Conventional synthesis method 
 
This synthesis method depends on the use of convection, conduction and radiation 
to transfer heat to the starting materials. It involves the use of an excess of at least 
one of the starting materials and stirring of the reagents for several hours (8-72hr) at 
room temperature or relatively high temperature, under reflux or nitrogen [79]. The 
resulting product is washed with excess organic solvent to obtain reasonable yield 
[97]. There are 3 stages of conventional IL synthesis: (i) alkylation, (ii) anion 
exchange or metathesis and, (iii) acid-base neutralisation.  
 
3.2.1.1 Alkylation 
 
The initial step in the synthesis of the IL occurs via the alkylation of a nucleophile 
precursor, such as imidazole or pyridine, using a suitable alkylation agent (alkyl 
halide). The rate of the reaction increases in the order I<Br<Cl, with chloroalkanes 
being the most volatile. An example of an alkylation reaction is the formation of 1-
propyl-3-methylimidazolium bromide [PMIM][Br] IL, prepared by the reaction of 1-
methylimidazole with 1-bromopropane, under heat and stirring for several hours.  
The halide salt formed is immiscible in the starting reagents so can be easily 
separated. These ILs can be used in the synthesis of other ILs via an anion 
exchange or acid-base neutralization process.  
 
3.2.1.2 Anion exchange (metathesis) 
 
ILs prepared by this method are mostly the “second-generation” ILs such as 
HBetNTf2, [EMIM][BF4] and [BMIM][PF6].  The anions are exchanged between a 
halide organic salt and an inorganic salt in the presence of a solvent to displace the 
halide anion, forming a new IL and a halide salt.   Exchange of the anion can be with 
a free acid having the appropriate anion, or  the alkaline metal or ammonium salt of 
the anion[98]. Equations (1) – (3) show examples of the synthesis.  
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HBetCl +   Li [(CF3SO2)2N]                       HBet[(CF3SO2)2N]  + LiCl (1) 
BMIMCl + [NH4][PF6]         BMIMPF6   + NH4Cl  (2) 
BMIMCl + HBF4     BMIMBF4 + HCl  (3) 
 
Equations (1) and (2) show the synthesis of hydrophobic ILs, in which the IL forms a 
separate phase from the aqueous layer. The layers can be separated by either 
filtration or decanting. The IL layer is washed several times with an appropriate 
solvent to ensure complete removal of the halide anion. A silver nitrate (AgNO3) 
titration test or ion chromatography can be used to determine the presence of halide 
anions. Where free-acid anions are used, acids are produced as shown in equation 
(3). In this case, the product is extracted with dichloromethane and washed several 
times with deionised water until a neutral pH aqueous wash is obtained. The organic 
solvent is removed by rotary evaporation [98]. 
 
This method of IL synthesis, though easy, can be time-consuming (between 24 and 
72 hours), uses large amounts of organic solvents and has the potential to give 
halide contaminated ILs.  
 
3.2.1.3 Acid-base neutralization 
 
Most first generation chloroaluminate ILs are prepared using this method. This 
method makes use of the reaction between a quaternary halide salt (e.g EMIMCl) 
and a Lewis acid (e.g. AlCl3, SnCl2), in different ratios, or, drop-wise addition of a 
Brǿnsted acid to an amine base such as the reaction between aqueous 
monoalkylammonium hydroxide and nitric acid to give monoalkylammonium nitrate 
and water. The excess water produced in the reaction is removed under vacuum 
[92]. These acid-base reactions are exothermic and excessive heat can cause the 
build-up of hot spots, which can lead to degradation of the IL [86], hence the acids 
are added in small portions at a time to minimise production of excess heat. 
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3.2.2  Microwave-assisted synthesis 
 
Microwave-assisted synthesis is an efficient method for: (i) accelerating the rate of 
reactions to give better product yield, (ii) reducing side-reactions and the production 
of  side-products, and (iii) improving product purity [99-101].  The microwave region 
is found in the frequency range between 0.3-300GHz of the electromagnetic 
spectrum and its use in microwave-assisted synthesis is based on the principle that 
molecules in a compound interact to absorb microwave irradiation, and convert the 
electromagnetic energy to heat. Only molecules with a dipole moment, i.e. polar 
molecules, are able to absorb in this region of the spectrum.  When liquid polar 
compounds are heated in a microwave, the molecules begin to align themselves with 
the electric field of the microwave oven and become rotationally excited. Continuous 
heating causes the rotating molecules to collide with each other converting the 
rotational energy to translational or kinetic energy, which subsequently produces 
heat. The rate at which rotational energy is converted to kinetic energy and then heat 
is dependent on the polarity (i.e. dielectric constant).  Molecules with higher dielectric 
constants absorb microwave radiation quicker, which in turn rapidly converts the 
rotational energy to heat [102, 103] 
 
A number of studies including work carried out in Professor Grimes’ research group 
[97, 99, 104, 105] have shown that ILs can be synthesised rapidly using the 
microwave method, without the use of organic solvents. Rapid synthesis can be 
carried out either using an open-vessel microwave or a closed-vessel microwave 
system such as the Anton Paar Microwave.  The process in an open-vessel 
microwave synthesis involves placing the alkylimidazole or pyridine and alkyl halide 
starting materials into an open vessel, irradiating the sample and stirring. The 
reaction times for these syntheses have shown a reduction of about 98%, when 
compared with the conventional method of synthesis which can take up to 96 hours. 
Deetlefs and Seddon have reported the synthesis of BMIMCl with about 96% yield 
using between 0.1-10% molar excess of the haloalkane, compared to a 67% yield 
using a 100% excess of the haloalkane in the household microwave. It is worthwhile, 
however, to use an excess (1-2%) of the haloalkanes in IL halide salt preparation to 
ensure complete conversion of N-methylimidazolium and pyridinium precursors and  
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also to increase purity of the IL by reducing imidazolium and pyridinium wastes 
during solvent washing [106]. 
 
Some shortfalls of the open-vessel microwave method include the inability for 
continuous stirring to ensure a homogeneous mixture, which can lead to charring of 
the mixture as a result of overheating. Some alkyl halides, being very reactive, 
reduce the product yield due to evaporative loss so there is a need to use an excess 
of the haloalkane to make up for this loss. This method of synthesis is suitable only 
for small scale production [106].  
 
Growing interest in microwave technology has led to the use of more robust closed-
vessel, multi-mode microwave systems, with adequate control of temperature, 
pressure, power, reaction time and the possibility for large scale production [104, 
105].   This method has the further advantage of allowing the synthesis of multiple 
samples simultaneously. Moreover, ILs such as BMIMCl, which require the use of 
volatile chlorobutane as a starting material, can be synthesised in the closed-vessel 
microwave thereby preventing the loss of starting materials to evaporation and giving 
rise to higher product yield. 
 
3.2.3 Ultrasound-assisted synthesis 
 
The principle of ultrasound waves (frequency range 20 kHz – 10MHz of the sonic 
spectrum) in the synthesis of ILs is based on the phenomenon of “acoustic 
cavitation”. The expansion cycle of an ultrasound wave causes a cavitation bubble 
due to a sudden pressure drop. During the compression cycle, the bubble implodes, 
producing localized heat.  Several ILs have been synthesised using this method, 
including BMIMCl, [BMIM][PF6], [OMIM][BF4], [HeptPyr][CF3SO3] [107, 108] and 
results have shown that this method is efficient in IL synthesis compared to the 
conventional magnetic stirring method, with about 97% reduction in synthesis time, 
improved product yield and reduction in energy consumption [108]. 
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3.3 Contaminants in ILs 
 
The presence of unwanted materials in ILs can have significant impact on their 
spectroscopic and catalytic applications [109], as well as alter the physicochemical 
properties of the solvents (e.g. melting point, density, viscosity). Impurities include 
water, halide ions and organic starting reagent. Halide impurities are known to 
impact on the use of ILs in transition metal-based catalysis through coordination with 
the metal, thereby influencing the rate of reaction, whereas water in ILs can cause 
decomposition and the liberation of toxic acids such as hydrofluoric acid in certain 
circumstances. [95, 98] 
 
Ionic liquid discoloration is considered an impurity when they are required for 
sensitive spectroscopic analysis such as UV analysis; however, for most IL 
applications colour is not a major factor that will have any significant impact on its 
extraction application. Since the main purpose in this research is to prepare ILs 
rapidly and economically for use in waste management, concern relating to 
impurities in the ILs is of lesser importance. 
 
Due to their low boiling points haloalkane and washing solvents can be readily 
removed from the IL by heating under vacuum. The presence of un-reacted 1-
methylimidazole, however, is a major contaminant in ILs, mainly because the 
methylimidazole is difficult to remove due to its high boiling point (198°C) [98]. 
 
 
3.4 Applications of Ionic Liquids 
 
Classification of ILs as “green solvents” [83, 106, 110, 111], with low toxicity and the 
ability to have different ion combinations, makes them useful in a plethora of 
applications. They have applications in electrochemistry, separation technology, 
synthesis and catalysis reactions, extraction media and many others. A brief 
description of some applications is now presented. 
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3.4.1 Solvent application 
 
Solvent properties of IL are important in reaction synthesis as well as in catalysis for 
industrial application [85].  Properties of the IL that make them suitable solvents, 
unlike molecular solvents, include: non-flammability, low toxicity, solute selectivity, H-
bond donating and accepting capability (the π-π or C-H…π [for aromatic solubility]), 
van der Waal and dipole-dipole interactions. These different interactions are possible 
simultaneously in any given IL-solute interaction, so the property of the IL for 
dissolution will depend on the most dominant interaction. [85, 98, 112]. The solvent 
property and strength of an IL is determined by its ionic nature and by the effect of 
making changes to either the anion, or cation, or both, which alter the polar and 
coordinating properties of the IL.  As designer and task-specific solvents, ILs are 
being used to selectively solubilise materials in a reaction mixture. According to 
Galan-Sanchez et al. [113], task-specific ILs (TSILs), with an amine attached to the 
cation, can increase the absorption of CO2, compared to non-specific ILs. They have 
been reported to dissolve organometallic compounds and transition metal catalyst, 
where they act as an inert solvent of a co-catalyst [90]. Reports by Zhao and 
Malholtra have shown the use of ILs as reaction media in the Heck reaction with 
significant increased yield compared to using organic solvents [90]. Table 3.4 lists 
some uses of ILs as solvents in synthesis and catalysis. 
 
3.4.2 IL in extraction 
 
Several groups have reported the use of ILs in liquid-liquid extraction. It is their 
negligible vapour pressure, non-flammability and good solubility in organic and 
inorganic solvents that make their use in extractions possible. For example, 
[BMIM][PF6] has been used for the extraction of amino acids from pharmaceutical 
samples and fermentation reaction, using crown ether as extractant at pH 1.5 – 5.5. 
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Table 3.4 Solvent application of ILs 
Reaction Ionic liquid Substrate Reference 
Friedel-Craft  Chloroaluminate e.g. 
[EMIM]Cl-AlCl3  
Benzene, and other 
aromatic compounds, 
organic and 
organometallic 
compounds 
[90, 114, 115] 
Hydrogenation [EMIM][SbF6] Cyclohexa-1,3-diene [86] 
Diels-Alder Chloroaluminate ILs, 
[EtNH3][NO3], 
[BMIM][PF6] 
Polyaromatic 
hydrocarbons, 
Cyclopentadiene and 
methacroline,  
[98] 
Polymerisation [BMIM][PF6] Methyl methacrylate [116] 
Solid-liquid and 
liquid–liquid 
extraction 
[PMIM][Br], 
[CMIM][Br] 
Chocolate [117] 
CO2 capture Silylated amine ionic 
liquids e.g. TESAC 
Carbon dioxide [118] 
 
 
The viscous and oily appearance of ILs coupled with their thermal stability and low 
volatility, have made them attractive as heat transfer fluids and lubricants. According 
to Zhao [119], ILs such as HMIMBF4 and 1-ethyl-3-hexylimidazolium 
bis(trifluromethylsulfonyl) imide [EtC6IM][NTf2] have demonstrated good friction 
reduction and anti-wear performance, ideal for lubrication.   
 
ILs, have a wide range of application in the petroleum industry. They have been 
used in the desulfurisation of diesel and gasoline fuel [120-122] and in the recovery 
of heavy oils from oil tar, using [BMIM][CF3SO3] and [BMIM][BF4] [123], with the 
possibility of IL recycling for further use. Also, there are several reports on the 
extraction of aromatics from a mixture of aromatic-aliphatic hydrocarbons [79], such  
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as the use of chloroaluminate IL, which readily solubilises aromatic hydrocarbons 
[124].  
 
ILs are used in separation processes for the removal of contaminants in wastewater. 
Environmental pollutants including poly-aromatic hydrocarbons (PAH), phenols, 
tyrosol and benzene-related compounds have been removed using [BMIM][PF6], 
[HMIM][PF6] and [OMIM][PF6] [124-126]. 
 
ILs are used as a stationary phase in both gas chromatography [127-131] and high 
performance liquid chromatography (HPLC) [132] and as a mobile phase in reverse 
phase-liquid chromatography [81]. The addition of IL to a mobile phase greatly 
reduces the retention times in the analysis because the IL cation competes with the 
polar group of the analyte for the silica plate while the alkyl group of the cation also 
interacts with the non-polar group of the stationary phase. 
 
In addition to the use of ILs in liquid phase- and solid phase-micro extraction, they 
are also viable as solvents for microwave-assisted extraction and ultrasonic-assisted 
extraction, due to their low volatility for rapid sample synthesis. Examples include the 
use of the former for the extraction of essential oils from fruits using [BMIM][PF6] 
[133] and the latter for the extraction of tetrandrine and fangchinoline (used for the 
treatment of inflammatory diseases) from medicinal plant using [BMIM][BF4] [132]. 
 
Other uses of ILs are listed in Table 3.5. 
Chapter3     Feyisetan Oluremi Thompson 
 
~ 76 ~ 
 
 
Table 3.5 Extraction application of ILs 
Reaction Substrate Ionic liquid Notes Reference 
Liquid-liquid extraction Erythromycin-A and 
amino acid 
[BMIM][PF6] Amino acid was 
extracted using a 
crown ether at pH 
range 1.5-5.5 
[134] 
Extraction of: Medium IL Notes References 
Aromatics Aliphatic hydrocarbons BMIMNTf2 n/a [109] 
Flame retardant 
(decabromodiphenylether) and 
antimony trioxide 
High Impact polystyrene HPyrBr 33.33g/Kg of IL at 
90°C 
[135] 
Sulfur Hydrocarbons [EMIM][EtSO4], 
[BMIM][OcSO4] 
IL: oil ratio 1:5 [136] 
Naphthalene Contaminated soil BMIMPF6 n/a [92] 
Organic pollutants Press and dry exhaust P6,6,6,14[DCA] 56-83% absorption 
efficiency 
[124, 137] 
Carbon dioxide gas Gas mixtures (N2, CH4, 
O2, CO2) 
OMIMNTf2, EMIMNTf2 
EMIM[DCA], HMIMNTf2 
n/a [138-144]  
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Table 3.5 Extraction application of ILs (Continued) 
Extraction of: Medium IL Notes References 
Na+, Sr2+, Cr+, Ag+, Hg2+, 
Cu2+, Zn2+, Cd2+ 
Aqueous solution BMIMPF6, [OMIM][PF6] With or without crown 
ethers (for Hg2+) at 
moderate temperature 
[145, 146] 
 
 
Hydrocarbons Contaminated crude oil Silylated amine IL 
(TESAC, TMSAC) 
n/a [118] 
CO2 capture Contaminated crude oil Silylated amine ILs 35°C and 62.5 bar [118] 
Organic compounds Produce water BMIMNTf2, BMIMPF6, 
[P6,6,6,14,NTf2], 
[P6,6,6,14,][OMS] 
pH and temperature 
dependent 
[130] 
Cocoa butter fat Dark, white and milk 
chocolate 
PMIMBr, CMIMBr Main component of 
chocolates, sugars have 
selective solubilise in 
IL(6g) at 80°C 
[117] 
Cellulose and lignin Paper based waste PMIMBr and BMIMBr Both substrates, soluble 
in the ILs Separation 
achieved with addition 
of water 
[147] 
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3.5 Synthesis and Characterisation of Ionic Liquids 
 
This section provides a description of all the ionic liquids prepared in this research. 
Where the IL could not be synthesised rapidly, such as 
trihexyltetradecylphosphonium chloride (P6,6,6,14Cl), it was purchased from 
commercial sources (Sigma Aldrich) and used in the extraction trial described in 
Chapters 5.   
 
The ionic liquids used in this work have been prepared by one of four methods: 
 
(i) An open-vessel microwave system, using a household Baumatic standard 
stainless steel microwave (Model BTM 17.3SS), equipped with an inverter 
technology, allowing multiple power levels and continuous heating with a 
maximum power level of 700Watts. The power setting of between 20-40%, 
corresponding to 140W and 280W respectively were used for ILs in this work.  
 
(ii) A closed-vessel controlled microwave system using an Anton Paar multiwave 
3000, 50Hz model microwave (Anton Paar, Hertford, UK). This system has 
the advantage of being able to synthesise a maximum of 800mls of samples, 
using 16 reaction vessels simultaneously, while reaction time, temperature 
and pressure programmes are controlled and monitored. The internal 
temperature and pressure are monitored by an internal bulb thermometer, 
while the external conditions are determined by infrared detector. The ability 
to stir the samples also ensures a homogenous mix, fast product formation 
and decreased decomposition of product by localized heating.   
 
(iii) The conventional method, as described in section 3.2.1, requiring stirring of 
the starting reagents for long periods, either at room temperature or heating at 
high temperature, with the use of organic solvents as the reaction medium. 
The selection of this method of preparation for the ILs is based on the premise 
that the reaction is complete without external heating, or the reaction is  
Chapter 3  Feyisetan Oluremi Thompson 
 
~ 79 ~ 
 
 
complete within 2hours. Other factors which may dictate use of this method 
are the toxicity or volatility of the starting reagents, properties which are 
deemed unsuitable for microwave synthesis. 
 
(iv) Special synthesis for the preparation of ILs with switchable properties, by the 
addition of CO2 to a molecular solvent to form the IL at room temperature. 
Addition of heat, above 50°C, or of N2 cause a reverse reaction with the loss 
of CO2 and the conversion of the IL back to the molecular solvent.  
 
Most of the ILs selected and prepared in this work are those used in previous 
extractions for the selective recovery of value materials by Professor Grimes’ 
research group [104, 105, 117, 135, 147]. The details of the ILs, prepared by each of 
the four methods, are described in the following section: 
 
3.5.1 Synthesis of ILs using microwave method 
 
The choice of microwave-assisted synthesis route for ILs in this work is based on 
either: 
 
1. the starting materials, 
2. safety of the reaction or 
3. the need for a one-stage or two-stage process 
 
In general the open-vessel system is used but, in cases where the starting reagents 
are corrosive or react vigorously and will cause a reduction in product yield if 
synthesised in an open-vessel microwave, the closed-vessel controlled microwave is 
used.  An example of the use of the closed system is when 1-chlorobutane is used 
as a precursor in the synthesis of IL, 1-butyl-3-methylimidazolium chloride (BMIMCl). 
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Table 3.6 Summary of ILs prepared by Microwave–assisted methods 
HHMW = Household Microwave; CAPMW = Closed Anton Paar Microwave 
 
Ionic Liquid 
 
Structure 
 
Abbreviation 
 
Starting materials 
 
Quantities 
 
MW method 
 
Synthesis steps 
1-propyl-3-methylimidazolium 
bromide 
 
 
PMIMBr 1-methylimidazole 
1-bromopropane 
0.123mol 
0.166mol 
HHMW One step 
1-hexyl-3-methylimidazolium 
bromide 
 
 
HMIMBr 1-methylimidazole 
1-bromohexane 
 1mol 
1.25mol 
 
HHMW One step 
1-butyl-3-methylimidazolium 
chloride 
 
 
BMIMCl 1-methylimidazole 
1-chlorobutane 
0.06mol 
0.08mol 
CAPMW One step 
1-(4-sulfonic acid) -
butylpyridinium hydrogen 
sulfate   
SPyrHSO4 Pyridine 
1,4-butane sultone 
0.2mol 
0.2mol 
HHMW/CAP
MW 
Two steps 
1-(4-sulfonic acid) -butyl-3-
methylimidazolium hydrogen 
sulfate 
 
 
SMIMHSO4 1-methylimidazole 
1,4-butane sultone 
0.2mol 
0.2mol 
HHMW/CAP
MW 
Two steps 
1-hexylpryidinium bromide 
 
HPyrBr Pyridine 
1-bromohexane 
0.06mol 
0.06mol  
HHMW One step 
1-butyl-3-methylimidazolium 
bromide  
BMIMBr 1-methylimidazole 
1-bromobutane 
0.123mol 
0.166mol 
HHMW One step 
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In general, the microwave method of IL synthesis involves a one-stage process, with 
a two-stage process being used when there is a need for the intermediate 
preparation of zwitterions from the starting materials. A summary of ILs prepared in 
this work by microwave methods, including the starting materials and conditions of 
their preparation is given in Table 3.6. The starting reagents and solvents used for 
the experimental synthesis were purchased from either Sigma Aldrich or Fisher 
Scientific. 
 
3.5.1.1 Synthesis using the open-vessel microwave system 
 
The starting reagents were mixed in a 125ml conical flask, and the mixture irradiated 
in the microwave, with interval stirring.  The conditions for the synthesis in terms of 
microwave power, duration and washing solvent of the individual ILs are set out in 
Table 3.7.  
 
Table 3.7 Ionic liquids prepared by open-vessel microwave 
 
Ionic Liquid 
 
MW power (%) 
 
Time (seconds) 
 
Washing solvent 
HMIMBr [20Wx5] [20x2] + [10x3] 
Diethyl ether 
(25ml x 3) 
HPyrBr [40W] [20x 4] 
Diethyl ether 
(25ml x 3) 
PMIMBr [40Wx1] + [20x2] [30] 
Diethyl ether 
(25ml x4) 
BMIMBr [40W x2] + [20x1] [10 x 2] +[10 x 4] 
Diethyl ether 
(25ml x 5) 
 
 
The isolated ionic liquids were allowed to cool to room temperature, washed with 
diethyl ether (DEE) (25ml) a number of times, and dried under vacuum in a rotary 
evaporator to remove excess washing solvent. 
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3.5.1.2 Synthesis using the controlled closed-vessel Anton Paar Microwave 
System  
 
The IL, BMIMCl, was prepared using the closed-vessel microwave method. The 
starting reagents were placed in an Anton Paar vessel and heated according to the 
conditions set out in Table 3.8. 
 
Table 3.8 Controlled Anton Paar heating conditions for BMIMCl 
 
 
Ionic 
Liquid 
 
Heating conditions 
Temperature 
(°C) 
Ramp 
(minutes) 
Hold 
(minutes) 
Fan Stirrer 
level 
Washing 
solvent 
 
BMIMCl 
 
140 
 
5 
 
7 
 
1 
 
2 
 
Ethyl 
acetate 0 0 20 3 0 
 
 
The isolated IL was transferred into an appropriate flask, washed with solvent to 
remove excess starting materials and the product dried in vacuo for 45minutes. 
 
3.5.1.3 Method of synthesis using both open and closed microwave 
methods 
 
Two Brǿnsted ionic liquids, 1-(4-sulfonic acid) butyl-3-methylimidazolium hydrogen 
sulfate SMIMHSO4 and 1-(4-sulfonic acid) butylpyridinium hydrogen sulfate 
SPyrHSO4 were synthesised via a two-stage process.  
 
The first stage of synthesis involved the preparation of the precursor zwitterions, in 
which the starting reagents were mixed in a conical flask and heated using the open-
vessel microwave system, under the conditions set out in Table 3.9. 
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Table 3.9 Open-vessel microwave synthesis of SPyrHSO4 and SMIMHSO4 
 
Ionic liquid 
 
MW Power (%) 
 
Duration 
(seconds) 
 
Washing solvent 
SMIMHSO4 [(40W x 1) + (20W x 2)] [20sec x 3] Diethyl ether 
SPyrHSO4 [(40W x 1) + (20W x 2)] [20sec x 3] Diethyl ether 
 
 
The precursor zwitterions formed were isolated as white solids and allowed to cool to 
room temperature.  
 
The second stage of synthesis involved drop-wise addition of a stoichiometric 
amount of concentrated sulfuric acid (H2SO4, 98%) to the zwitterions followed by 
heating in the closed-vessel microwave system, according to the conditions set out 
in Table 3.10. 
 
 
Table 3.10 The two stage synthesis IL in a closed-vessel microwave system 
 
Ionic Liquid 
Heating conditions 
Temperature 
(°C) 
Ramp 
(minutes) 
Hold 
(minutes) 
Fan 
Stirrer 
level 
Washing 
solvent 
SMIMHSO4 
80 5 20 1 
2 
Diethyl 
ether 0 0 0 3 
SPyrHSO4 
80 5 20 1 
2 
Diethyl 
ether 0 0 0 3 
 
 
3.5.2 Synthesis of IL using the conventional method 
 
The two ionic liquids listed in Table 3.11 were prepared using the conventional 
method.  Details of their synthesis are described below. 
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Table 3.11 Summary of ILs prepared by conventional methods 
Ionic Liquid Structure 
 
Abbreviation 
 
 
Betaine 
bis(trifluoromethylsulfonyl)imide 
N-
SO2
SO2
CF3
CF3
N+
CH3
CH3
CH3
O
OH
 
HBetNTf2 
 
Dimethylaminopropylamine 
formate 
N
R1
R2
NH3
+ H O
-
O
 
[DMAPA]FA 
 
 
Synthesis of Betaine bis(trifluoromethylsulfonyl) imide - (HBetNTf2) 
 
Equimolar quantities of betaine chloride (1mol) and lithium 
bis(trifluoromethylsulfonyl) imide (1mol) salts were separately dissolved in distilled 
water (25ml and 15ml, respectively). The resulting homogenous solutions were 
mixed in a plastic bottle and stirred for 1hour at room temperature. The reaction is 
set out in Figure 3.2. 
                      
 
Figure 3.2 HBetNTf2 synthesis 
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The two-phase mixture was separated and the bottom layer, containing the ionic 
liquid, was subsequently washed several times with distilled water (3ml) to remove 
excess starting materials, in other words, until no chloride impurity was detected, 
based on the silver nitrate test used to identify the presence of any trace chloride ion. 
[Note: The silver nitrate test – a test for the presence of halide ions (in this case 
chloride anions) involves the addition of ethanol (5drops), acidified with 1M HNO3 
(1ml) followed by the addition of 0.1M AgNO3 (1ml), to the ionic liquid (1ml) in a test 
tube. The appearance of a white precipitate indicated the presence of chloride ion]. 
The recovered IL was dried in vacuo for 45mins. The IL is hydrophobic and solid at 
room temperature but hydrophilic at temperatures above 50°C.  
 
Synthesis of Dimethylaminopropylamine formate [DMAPA] FA 
 
Formic acid (0.2mol) was added drop-wise to dimethylaminopropylamine (0.2mol) 
under nitrogen at 0°C. A solid white compound formed after 2hours. Solubility of both 
the starting materials and finished product were tested in water, methanol and 
petroleum ether (Table 3.12) to identify a suitable washing solvent for removal of 
excess starting materials.  The white solid IL was washed with petroleum ether and 
dried in vacuo for approximately 5hrs. The reaction is set out in Figure 3.3. 
 
 
 
Figure 3.3 [DMAPA]FA synthesis 
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Table 3.12 Solubility tests for [DMAPA]FA and starting reagents 
 
 
SOLVENTS 
 
Water 
 
Methanol 
 
Petroleum Ether 
Formic acid Soluble Soluble Soluble 
[DMAPA] Soluble Soluble Soluble 
[DMAPA]FA Soluble Soluble Insoluble 
 
 
3.6 Methodology for IL Analytical Characterisation 
 
Most ILs are hygroscopic, which means they absorb moisture from the atmosphere. 
Complete drying of the ILs is ensured by removing any absorbed moisture under 
vacuum at low pressure and 60°C, prior to characterisation and use. It should be 
noted that the IL will absorb moisture during its use; however, the effect of moisture 
on its use in material recovery from organic wastes (which normally contain high 
levels of moisture) is minimal. 
 
All prepared ILs were characterised to determine their purity using the following 
analytical techniques:  
 
 Thermal analysis by Thermogravimetric – Differential Scanning Calorimetry 
(TG-DSC), 
 Proton -Nuclear Magnetic Resonance Spectroscopy (1H-NMR), 
 Mass Spectrometry (MS),  
 Thin Layer Chromatography (TLC), and 
 Fourier Transform Infrared Spectrometry (FTIR). 
 
Characterisation data are presented in Tables 3.13 – 3.16 and corresponding 
spectra details in Appendix II. 
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3.6.1 Thermogravimetric-Differential Scanning Calorimetry (TG-DSC) 
 
Thermal analytical methods are used to observe the thermal stability of compounds 
in different atmospheric conditions, subjected to different temperature regimes and 
heating rates.  
 
Thermogravimetric analysis (TGA) is an analytical method which measures the mass 
or weight difference (∆W) of a sample in relation to time or temperature while the 
temperature of the sample is programmed under specific atmosphere, which can 
either be nitrogen, helium, carbon dioxide or air. TGA can be used to determine the 
moisture content, melting point, boiling point or decomposition temperature of a 
sample. 
 
Differential scanning calorimetry (DSC) measures the heat flow through the samples 
and compares this with a reference sample of known thermal characteristics usually 
alumina. The heat flow through the sample and reference is measured with respect 
to time or temperature under a controlled temperature programme. This can be used 
to determine phase changes of a sample while heating.  
 
A TG plot shows weight change on the ordinate axis and temperature or time on the 
horizontal axis. Derivative Thermogravimetric analysis (DTG) measures the rate of 
change of weight with time or temperature, dW/dT.  The combination of TG, DTG 
and DSC measurements can give information on the thermal behaviour of a sample 
compared with a pure reference sample.    
  
The procedure for analysis involved addition of 15mg of sample (±1mg) into an 
alumina crucible (used to ensure free diffusion of evolved gases and a constant 
environment maintained for the sample and reference).  The furnace temperature 
was ramped to 900°C at 10°C /min under a N2 atmosphere with 58% flow rate. A 
combination of the TG and DSC provided both weight loss and heat flow with 
increased temperature on the same graphical plot for analysis. Water content of the 
sample was estimated by determining weight loss of the sample up to 105°C. The 
onset of decomposition was determined at the point of interception between two  
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tangents drawn at the slope of the TG curve corresponding to the onset of major 
weight loss.  The boiling points of samples were determined by lowest point on the 
TG or DTG curves, which corresponds to the highest rate of weight loss. 
 
3.6.2 Proton-Nuclear Magnetic Resonance Spectroscopy (1H-NMR) 
 
Nuclear Magnetic Resonance (NMR) spectroscopy operates within the radio-
frequency of the electromagnetic spectrum. Nuclei of atoms possess characteristic 
spins or momentum (½) which generates a magnetic field. In the presence of an 
external magnetic field, the spins align either with (+½) or against (-½) the external 
field. The irradiation of a sample with radio-frequency causes an excitation from a 
lower energy spin state to a higher energy spin state, when a photon, equivalent to 
the difference in energy states, is absorbed, before relaxation back to a lower spin 
state, emitting radiation. This is the basis of NMR spectroscopy.  An NMR spectrum 
is observed by varying the magnetic field over a range while observing the radio-
frequency or alternatively, keeping the magnetic field constant and varying the 
frequency.  
 
Different protons in an atom have different signals in an NMR spectrum, relative to a 
chemically un-reactive reference sample, tetramethylsilane (TMS). Their position is 
determined by the strength of the magnetic field and the environment surrounding 
the proton, for example: (i) the presence of a conjugate bond, (ii) the presence of an 
electron-rich element (e.g. N or O), (iii) H-bonding, (iv) π-effects and (v) the solvent 
matrix. The intensity of the proton signals corresponds to the molar concentration 
present in the sample.  
 
Another important factor in NMR analysis is spin interaction and spin splitting.  The 
nucleus of atoms in close proximity (i.e. separated by ≤ 3 bonds) couple with each 
other and produce a splitting. The split pattern is determined by the n+1 rule for spin-
coupled nuclei with different chemical shift (n is the number of surrounding nuclei).  
For example, if the nuclei being examined are surrounded by 2 nuclei, a triplet split is 
observed. The distance between the split signals is referred to as the coupling 
constant J, measured in Hz. 
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1H-NMR analysis of the ILs, dissolved in a suitable deuterated solvent, was carried 
out and analysed at Queen Mary University using an AV 600MHz FT NMR 
spectrometer and TMS as reference.  
  
3.6.3 Mass Spectrometry (MS) 
 
This determines the mass of a molecule based on the mass-to-charge ratio (m/z) of 
its ions. It functions on three main principles:  
 
 Vaporisation of molecules 
 Ionisation and separation 
 Detection 
 
A molecule under examination is ionised by bombardment with electrons. The 
ionised species are then propelled in a magnetic field where they are separated by 
their mass-to-charge ratio.  
 
Mass spectrometry was performed at the EPSRC National Mass Spectrometry 
Service centre in Swansea using the Electron-spray ionisation (ESI) to volatilise the 
IL samples into the gas phase. 
 
3.6.4 Thin Layer Chromatography (TLC) 
 
This is a qualitative analytical technique used to separate components within a 
sample and identifies types of compounds based on their polarity.  Accuracy of TLC 
results is based on the solvent system (mobile phase) used, the thickness of the 
adsorbent and the relative amount of spotted sample.  Compounds within a sample 
always travel a fixed distance relative to the solvent distance. The ratio of these 
distances referred to as “ratio to front” (Rf) is constant for a given compound when all 
the conditions are constant.  
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For TLC characterisation in this work, a silica plate was used. The sample was 
spotted 1cm from the base of the plate using a capillary micro pipette. A suitable 
mobile phase solvent, specific for each sample was prepared in a 125ml beaker. The 
solvent was allowed to ascend up the plate to 1cm from the top after which the plate 
was removed and allowed to dry. A UV lamp of 254nm wavelength was used as a 
visualising method and the Rf value for each sample was calculated using the 
formula: 
 
 
 
 
 
3.6.5 Fourier Transform Infrared Spectroscopy (FTIR) 
 
Fourier transform infrared (FTIR) spectroscopy technique is based on the vibration 
motion of molecules, useful in identifying compounds with characteristic absorptions 
in the mid-infrared part of the spectrum (4000 – 400cm-1). It is a qualitative technique 
that measures the energy at which molecules absorb IR radiation based on the 
bonding interaction within a compound.   
 
Only molecules with a change in dipole moment can absorb infrared radiation and 
the greater the change in dipole, the greater the intensity of the absorption band 
[148], which gives an indication of the amount of absorbing atoms. When IR passes 
through a molecule, the atoms absorb energy equivalent to their frequency of 
vibration, this increases the vibration energy of the molecule causing the atoms in 
the molecule to vibrate in different directions either by stretching or bending. 
Different functional groups within a molecule absorb specific regions of the IR. The 
identified functional groups are detected and recorded as a spectrum of absorbance 
(or % transmittance, which is proportional to the concentration of molecules in the 
compound) versus the wavenumber (cm-1). Not all absorption peaks are resolved, 
especially in the region below 1000cm-1’; however, this region is unique for each 
compound and is known as the ‘fingerprint’ region (i.e. no two samples can have the  
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same fingerprint region unless they are identical).  FTIR is therefore used as a 
comparison technique amongst samples.   
 
FTIR spectroscopy was carried out in the Chemistry Department of Imperial College 
London, using a Perkin Elmer Spectrum 100 FTIR spectrometer with a Universal 
ATR sampling accessory and Dynascan™ interferometer. Liquid as well as solid 
samples were analysed directly within the mid-IR range of 4000-400cm-1 with 100 
scans and a resolution of 4cm-1. The background spectrum was collected before 
each sample analysis. 
 
 
3.7 Analytical Techniques for Waste Characterisation 
 
In addition to the analytical techniques of FTIR and 1H-NMR spectroscopy 
(described in section 3.6), the following techniques of column chromatography, CHN 
elemental analysis, High Performance Liquid Chromatography (HPLC), Karl Fischer 
Titration, viscosity and density measurements and Inductively Coupled Plasma-
Atomic Emission Spectroscopy (ICP-OES) were used for characterisation. 
 
3.7.1 Column Chromatography 
 
This is a physical separation technique, where the components of a sample are 
separated based on the extent of adsorption to the polar stationary phase.  Unlike 
TLC, where the stationary phase is a plastic or glass plate covered with silica or 
alumina gel, the stationary phase in column chromatography is a vertical column, 
packed with silica or alumina powder and moistened with a suitable solvent or 
combination of solvents. The sample to be separated is mixed in a mobile phase 
solvent, usually one which is used in the column, and introduced into the column. 
Components are separated at different rates based on their affinity and adsorption to 
the stationary phase with polar components having a greater affinity.  The less polar 
components are eluted quicker and collected in a beaker, whilst the more polar 
components can be recovered by washing with a more polar mobile phase.  
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For this work, a mobile phase silica gel, for chromatographic adsorption analysis was 
used, with 60-120 mesh size. Analytical grade hexane was used as the eluent for the 
non-polar component, while a mixture of methanol, toluene and petroleum ether was 
used for the separation of other components in the sample.    
 
3.7.2 CHN Elemental Analysis 
 
This technique is used to determine the amount of carbon, hydrogen and nitrogen 
(and other elements such as sulfur and oxygen), present in organic and inorganic 
compounds by a quantitative “dynamic flash combustion” method.  The analysis was 
performed by MEDAC Ltd, using a Thermos FlashEA® 1112 Elemental analyser. The 
sample is weighed into a tin capsule and purged with helium gas before introduction 
into a quartz reactor vessel maintained at 900°C, to produce carbon dioxide (CO2), 
water, and nitrogen oxide (NOx). The combusted gases are passed through a 
reduction furnace to remove excess oxygen and convert the nitrogen oxide to 
elemental nitrogen (N2), and are then transferred into a chromatographic column by 
helium gas, where individual components are separated and detected by a thermo-
conductivity detector (TCD). A schematic of the process is illustrated in Figure 3.4.   
 
 
Figure 3.4 A flow diagram for CHN analysis (adopted from MEDAC Ltd) 
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3.7.3 High Performance liquid Chromatography (HPLC) 
 
This is an advanced method of liquid chromatography for separation in which 
samples are moved along the column at high pressure. Reverse phase HPLC is 
mostly used, in which the column is packed with a non-polar stationary phase (silica 
gel with a long alkyl chain attached), and the mobile phase is a mixture of polar 
solvents. A mixture of the sample to be separated is forced through the column at 
high pressure, where the polar components in the mixture are attracted to the polar 
mobile phase and the non-polar components will have greater affinity for the non-
polar alkyl chain of the stationary phase. Therefore, the polar components move 
quickly through the column and are detected first while the non-polar components 
are retained longer in the column.  
 
HPLC analysis was carried out by GlycoMar Marine Ltd.  Mobile phase A: 2% glacial 
acetic acid made up to 1L volume with 0.2µm filtered distilled water. Mobile phase B 
is 100% 0.2µm filtered HPLC grade methanol. Prior to HPLC analysis, samples were 
mixed vigorously using a vortex mixer and heated to 37°C to encourage solubility. 
The top layer was transferred to a microfuge tube and spun down at 13000rpm for 
10mins. The supernatant was transferred into a HPLC vial and injected for analysis. 
20µL of sample was injected at a flow rate of 1ml/min into a 30°C column. Retention 
times of samples were compared with retention times of reference standards. 
 
3.7.4 Karl Fischer Titration 
 
A coulometric Karl Fischer titration was used to determine trace amounts of water in 
samples, using a TitroLine® KF equipment.  The principle of water determination by 
this method is based on the oxidation of sulfur dioxide by iodine in an aqueous 
medium. The titration cell of a KF consists of an anode and cathode. The anode 
solution is made up of a base, usually imidazole, iodine and sulphur dioxide in 
methanol, while the cathode, containing the iodide and methanol, is immersed in the 
anode mixture. The general equation taking place during the titration is shown in the 
equation below in which, one mole of iodine is consumed for every mole of water 
present. 
Chapter 3  Feyisetan Oluremi Thompson 
 
~ 94 ~ 
 
 
 
 
For this research the titration was carried out in triplicate and the average 
determined as the amount of water present in the sample, expressed in parts per 
million (ppm).  
 
3.7.5 Viscometer 
 
The viscosity of lubricant is a key characteristic that influences its function. Viscosity 
is a measure of a fluids’ resistance to flow and it is temperature dependent. 
 
Kinematic viscosity and density were simultaneously measured using the Anton Paar 
SVM 3000/G2 Stabinger viscometer according to ASTM 7042 method.  
 
3.7.6 Moisture balance 
 
An electronic moisture analyser was used to determine the moisture content of some 
waste materials using a Sartorius MA40 moisture balance. The samples were placed 
in an aluminium pan and heated at 105°C until a stable mass was attained. The 
moisture content is determined by the difference in weight before and after 
measurement. 
 
3.7.7 Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP-OES) 
 
This is an emission spectrophometric analytical technique for identifying metal 
content in a sample based on the fact that excited electrons emit energy at specific 
wavelengths during relaxation to the ground state. The pre-prepared sample solution 
is pumped into the spray chamber by a peristaltic pump, where the nebuliser injects 
aerosol mist and argon with the sample. The mist containing argon and the sample is 
injected through the torch into the plasma (the atomization and excitation source). 
The radio-frequency induced plasma uses an induction coil to generate a magnetic 
field exciting electrons in the sample from the ground state to the excited state.  
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Radiation emitted on relaxation back to the ground state is energy at a particular 
wavelength specific to particular elements within the sample. 
 
Metals in lubricants arise from different sources such as wears, additives, 
contaminants (leaks, dirt etc). The deterioration of an oil sample can be determined 
by comparing elemental concentration of reference material with the sample. This 
provides a practical method to monitor wear in the lubricant sample.  
 
The Perkin Elmer Optima 7300DV Inductively Coupled Plasma - Optical Emission 
Spectroscopy (ICP-OES) was used with an argon carrier gas. Prior to analysis, the 
samples were acid-digested using the Anton Paar microwave. The digested samples 
were then filtered using a 0.45µm, Whatman® cellulose nitrate membrane filter and 
analysed for metal content using a modified EPA 3052 method.  
 
 
3.8  Interpretation and Discussion of Characterised Ionic Liquids 
 
The ILs synthesised in this work were characterised by techniques including FTIR 
spectroscopy, mass spectroscopy, thermal analysis, NMR spectroscopy, and the 
results are discussed in this section.  All the ionic liquids prepared in this work melt 
below 100°C and are liquids at room temperature. The ILs were characterised after 
they were subjected to prolonged drying under vacuum, however, due to the 
hygroscopic nature of these solvents, trace amounts of moisture can be absorbed 
from the air. This can impact on the physical and chemical properties such as the 
thermal stability and solubility properties [95]. The moisture content of the prepared 
ILs is set out in Table 3.17, using data from Karl Fischer titrations. 
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Table 3.13 Characterisation data for ILs synthesised using open-vessel microwave method 
IL Characterisation data 
1-hexyl-3-methylimidazolium 
bromide (HMIMBr)  
 
IL was obtained as a pale yellow viscous liquid with 88% yield. FTIR (NaCl, cm-1), 3440 (OH, moisture), 3124-
3020(C-H, aromatic), 2958(CH3, symmetric), 1632-1581(C=C, aromatic), 1465 and 1377(CH3, asymmetric and 
symmetric), 1319(CH2), 1173(C-N, ring), 775.3(=CH, out of plane bend). TG-DSC (N2 atmosphere, 10°C/min): 
Onset decomposition occurs at 260°C with a major weight loss of 51.4% at 320°C.Decomposition point is thought to 
be about 305°C. 1H-NMR (600MHz, DMSO): δ= 8.7(1H, s, NCHN), 7.5(1H, d, NCH), 7.4(1H, d, NCH), 4.2(2H, t, 
NCH2), 3.9(3H, s, NCH3), 1.9(2H, m, CH2), 1.3(2H, m, 3xCH2), 0.9(3H, t, CH3),  MS: m/z (ESI) 167 (M-Br-, 100%), 
81 (Br-, 100%). TLC: Rf 0.60 (1:1 methanol, petroleum ether) 
1-hexylpyridinium bromide 
(HPyrBr)  
 
 
IL was obtained as a viscous pale yellow liquid with 90%. FTIR (NaCl, cm-1), 3450 (NH, aromatic), 3016(-CH, 
aromatic), 2958 (CH3, asymmetric), 2858 (CH2, symmetric), 1632(C=C, aromatic), 1485 (-CH2), 1377 (C-CH3, 
symmetric), 1173 (C-N, ring), 686.5(-CH, stretch). TG-DSC (N2 atmosphere, 10°C/min): phase change between 50-
120°C with corresponding weight loss from moisture. Major weight loss of 53.8% occurs at 261°C. Onset of 
decomposition at 220°C. 1H-NMR (600MHz, CDCl3): δ= 8.9(2H, m, 2xNCH), 8.6(1H, m, CH), 8.1(2H, m, NCH2), 
4.7(2H, t, 2xCH), 2.1(2H, m, CH2), 1.3(6H, m, 3xCH3), 0.8(3H, t, CH3), MS: m/z (ESI) 164.2 (M-Br-, 100%). TLC: Rf 
= 0.52 (1:1.5 methanol, chloroform). 
1-propyl-3-methylimidazolium 
bromide (PMIMBr)  
 
PMIMBr obtained was a pale yellow, viscous liquid with 80% yield. FTIR (NaCl, cm-1): 3437 (NH, aromatic), 3062(-
C-H, aromatic), 2877 (-C-H, symmetric), 1570(=C-H, stretch), 1462 (CH2), 1234(C-H, bend), 1173 (C-N, ring). TG-
DSC (N2 atmosphere, 10°C/min): Major weight loss of 67% occurs at 307.6°C which is thought to correspond to the 
IL boiling point with onset decomposition starting at 245°C. An endothermic peak between 100-140°C corresponds 
to a phase change indicating loss of water molecules.  1H-NMR (600MHz, DMSO): δ= 9.4(1H, s, NCHN), 7.9(1H, d, 
NCH), 7.8(1H, d, NCH), 4.2(2H, t, NCH2), 3.9(3H, s, NCH3), 1.8(2H, m, CH2), 0.8(3H, t, CH3),  MS: m/z (ESI) 125.1 
(M-Br-, 100%), TLC: Rf = 0.53 (1:1 methanol, petroleum ether).   
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Table 3.13 Characterisation data for ILs synthesised using open-vessel microwave method (Continued) 
IL Characterisation data 
1-butyl-3methylimidazolium bromide 
(BMIMBr) 
 
 
The IL was isolated as a honey brown, viscous liquid at room temperature with 86% yield. FTIR (NaCl, cm-1): 
3436 (OH, moisture), 3067(=C-H, aromatic), 2959(C-H, asymmetric), 1570-1460(C=C, aromatic), 1381(CH3), 840 
(=C-H, bend), TG-DSC (N2 atmosphere, 10°C/min): Major weight loss of 58% occurs at 311°C. Onset 
decomposition occurs at 278°C with a final decomposition temperature about 315°C.  1H-NMR (600MHz, 
DMSO): δ= 8.7(1H, s, NCHN), 7.6(1H, d, NCH), 7.4(1H, d, NCH), 4.2(2H, t, NCH2), 3.9(3H, s, NCH3), 1.9(2H, m, 
CH2), 1.3(2H, m, CH2), 0.9(3H, t, CH3), MS: m/z (ESI) 139 (M-Br-, 100%). TLC: Rf 0.59 (1:1 methanol, petroleum 
ether).  
 
 
Table 3.14 Characterisation data for ILs synthesised using closed-vessel microwave method 
IL Characterisation data 
1-butyl-3methylimidazolium chloride 
(BMIMCl) 
 
 
IL was a golden yellow viscous liquid at room temperature with 70% yield. FTIR (NaCl, cm-1), 3386(OH, 
moisture), 3051(-CH, aromatic), 2958(CH3, symmetric), 2873(CH2, symmetric), 1570 (C=C, symmetrci), 1466 and 
1380(CCH3, asymmetric and symmetric), 1173(C-N, C-C, stretch), 756 (=C-H). TG-DSC (N2 atmosphere, 
10°C/min): change in phase from solid to liquid occurs at 50°C followed by loss of moisture above 100°C. Major 
weight loss of 70% occurs around 290°C and thought to correspond to the boiling point of BMIMCl with onset 
decomposition at 250°C. 1H-NMR (600MHz, DMSO): δ= 9.8(1H, s, NCHN), 8.0(1H, d, NCH), 7.9(1H, d, NCH), 
4.2(2H, t, NCH2), 3.9(3H, s, NCH3), 1.7(2H, m, CH2), 1.2(2H, m, CH2), 0.8(3H, t, CH3).  MS: m/z(ESI) 139.1 (M-
Cl-, 100%), TLC: Rf 0.57 (1:1.5, methanol, petroleum ether) 
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Table 3.15 Characterisation data for two-Stage IL synthesis 
IL Characterisation data 
1-(4-sulfonic acid) butylpyridinium 
hydrogen sulfate  (SPyrHSO4) 
 
 
IL obtained was a pale yellow viscous liquid at 88% yield. FTIR (NaCl, cm-1), 3433 (OH, stretch), 3070 (CH, 
aromatic), 1635 (C=C, stretch), 1489 (C-C, aromatic), 1041 (S=O, stretch), 875 (S-O, stretch), 729 (=C-H, out of 
plane bend), TG-DSC (N2 atmosphere, 10°C/min): phase change below 100°C. Major weight loss at 326°C with an 
onset decomposition at 302°C. 1H-NMR (600MHz, DMSO): δ= 8.8(m, 2H), 8.4(s, 1H), 8.0(m, 2H), 4.5(m, 2H), 
2.7(m, 2H), 1.9 (m, 2H), 1.6(m, 2H). MS: m/z (ESI) 216.1(M-HSO4-, 100%). TLC: Rf 0.32 (2:1 methanol, ethyl 
acetate). 
1-(4-sulfonic acid) butyl-3-
methylimidazolium hydrogen sulfate 
(SMIMHSO4) 
 
 
IL obtained was a pale yellow viscous liquid at 90% yield. FTIR (NaCl, cm-1), 3400 (OH, stretch), 3155(CH, 
aromatic), 2958(CH, aliphatic), 1574(C=C, aromatic), 1458(=CH2), 1037 (S=O, stretch), 875-745 (=C-H, out of 
plane bend). TG-DSC (N2 atmosphere, 10°C/min): phase change to liquid, loss of moisture occurs at between 
100-120°C. Onset decomposition occurs at 282°C with a final decomposition of 347°C. 1H-NMR (600MHz, 
DMSO): δ= 8.6(s, 1H), 7.4(m, 1H), 7.3(m, 1H), 4.1(m, 2H), 3.7(d, 3H), 2.8(m, 2H), 1.8(m, 2H), 1.6(m, 2H).  MS: 
m/z (ESI) 219.1 (M-HSO4-), 100%). TLC, Rf 0.32 (2:1 methanol, ethyl acetate). 
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Table 3.16 Characterisation data for ILs synthesised by conventional method 
IL Characterisation data 
Betaine bis(trifluoromethylsulfonyl) 
imide (HBetNTF2)  
 
 
HBetNTf2 was isolated as a colourless solid at room temperature with 65% yield.  FTIR (NaCl, cm-1): 3500(OH, 
moisture), 3000(CH stretch), 2750(CN), 1750(C=O stretch), 1490(HCH, bending), 1420 (COOH), 1390(S=O stretch), 
1210(CN), 1045 (SNS), 740 (CF3). TG-DSC (N2 atmosphere, 10°C/min): endothermic peak on DSC below 100°C 
corresponds to melting transition which does not give any weight change. Major weight loss occurs between 250-
440°C. Onset decomposition occurs at 320°C.  1H-NMR (600MHz, DMSO): δ= 4.25(2H, s, CH3), 3.2(9H, m, 3xCH3). 
MS: m/z (ESI) 118 (M+-NTf2, 100%), 279.9(NTf2-, 100%).   TLC: Rf 0.60 (1:1 methanol, chloroform). 
Dimethylaminopropylamine 
formate [DMAPA]FA 
 
 
IL was isolated as a colourless, solid at 0°C with 91% yield.  FTIR (NaCl, cm-1), 3392(OH stretch), 2957(CH3, 
stretch), 2818(CH2, stretch), 1640(C=O), 1392(CH2 bend), 1475(NH bend), 1157(C-C, skeletal), 1036(CN), 742(C-C, 
stretch). TG-DSC (N2 atmosphere, 10°C/min):  endothermic peak at 55°C corresponds to IL melting. Major weight 
loss occurs between 100-220°C with to corresponding phase change. Onset decomposition occurs at 130°C and final 
decomposition at 327°C. 1H-NMR (600MHz, CDCl3): δ = 10.3(1H, s, CH), 7.3(3H, t, NH3), 4.8(2H, d, NCH2), 4.5(2H, 
d, NCH2), 4.2(6H, m, 2xCH3), 3.67(2H, d, CH2), MS: m/z (ESI) 148, TLC: Rf  0.54 (1:1 methanol, chloroform),  pH = 9.  
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Table 3.17 Moisture content of synthesized ILs 
 
IL 
 
Moisture content 
(mol %) 
HMIMBr 0.41 
HPyrBr 0.82 
PMIMBr 0.39 
BMIMBr 0.80 
BMIMCl 0.91 
SPyrHSO4 0.50 
SMIMHSO4 0.74 
HBetNTf2 0.84 
[DMAPA][FA] 2.00 
TESAC 0.63 
 
 
The application of ILs in the extraction of valuable components from industrial and 
commercial wastes sources in this research involves interaction with as-received wet 
wastes, and therefore the need for a completely dry IL is not essential because the 
dry IL will inevitably come in contact with moisture during its use as extractant. The 
influences of moisture, however, on the solubility potential of specific ILs have been 
determined and are described in Chapter 4. 
 
The percentage yield of synthesised ILs was calculated using the equation: 
 
 = % yield 
 
where the theoretical yield = mole of limiting reagent x (ratio of limiting reagent and 
product) x molecular weight of the product.   
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Table 3.18 contains the percentage yields of ILs prepared by both microwave and 
conventional methods, and provides a comparison of the synthesis times required 
using both methods. 
 
Table 3.18 Percentage yield of IL by microwave and conventional methods 
IL % Yield Time (sec) 
Microwave Synthesis 
HMIMBr 88 70 
HPyrBr 90 80 
PMIMBr 80 30 
BMIMBr 86 60 
BMIMCl 80 420 
SPyrHSO4 88 1260 
SMIMHSO4 90 1260 
Conventional synthesis  
HBetNTf2 65 3600 
[DMAPA][FA] 91 7200 
TESAC 100 900 
 
 
Although the conventional method of synthesis gave high yield, the times required 
for the preparations is much longer than those for the microwave methods of 
synthesis and is, therefore, a less suitable option for commercial synthesis than the 
microwave methods that give good yields in a short time period.  
 
The FTIR spectrum of each solvent shows the presence of all characteristic bond 
vibrations expected to be associated with the ILs, as well as the presence of distinct 
O-H bond vibrations corresponding to the presence of moisture absorbed from the 
environment.  Most of these solvents, however, were used immediately after 
synthesis to minimize the absorbed moisture content. Detailed FTIR spectra are 
shown in Appendix II. 
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TG-DSC and DTG were used to determine the thermal stability and, to some extent, 
the moisture content of ILs.  Table 3.19 shows the TG-DSC profile of each IL. The 
data shows the maximum temperature each IL can be used, which is between 130 -
373°C, apart from TESAC IL.  An anomaly occurs with the switchable IL, TESAC, 
which shows weight loss from about 46°C. This can be attributed to the loss of CO2 
because of the N2 gas flow in the TG-DSC which converts the IL to its molecular 
solvent (3-aminopropyl)-triethoxysilane (TESA) which has a decomposition 
temperature at 156°C. HBetNTf2 shows decomposition at about 350°C, which 
corresponds to the loss of CO2 because of the decomposition of the carboxyl group.  
 
TLC analysis of each ionic liquid (Table 3.20) shows a single spot on the silica plate 
indicating the presence of only one component. The Rf values range from 0.52 to 
0.60 with the lower values of 0.32 for the Brǿnsted ILs (SPyrHSO4 and SMIMHSO4) 
attributed to their relative high polarity due to the presence of the SO3 group on the 
cation and the HSO4- anion.  
 
The mass spectra indicate that the ILs prepared are pure by showing the expected 
peaks with corresponding theoretical and observed molecular weights of the cation 
and anion fragments. Other fragmented cations and anions along with their clusters 
are also observed in the spectra as a result of the presence of different isotopes of 
an element e.g. for BMIMCl, m/z of 139 due to [Cation] + and 313 for [2Cation + Cl]- 
are observed.  Trace impurities were noted in some imidazolium-based ionic liquids  
(PMIMBr, HMIMBr, BMIMBr and BMIMCl) prepared in this work, which showed a 
cation fragment at m/z of about 83, which is thought to correspond to the cation 
fragment 1-hydrogen-3-methylimidazolium. Similar observations have been reported 
by Gooding and Grimes [149]. 
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Table 3.19 Thermal decomposition temperatures of ILs by TG-DSC 
IL Onset 
decomposition 
Decomposition 
Temperature 
HMIMBr 260°C 320°C 
HPyrBr 220°C 305°C 
PMIMBr 245°C 307°C 
BMIMBr 278°C 315°C 
BMIMCl 250°C 290°C 
SPyrHSO4 302°C 326°C 
SMIMHSO4 282°C 347°C 
HBetNTf2 373°C 440°C 
[DMAPA][FA] 130°C 327°C 
TESAC 46°C 156°C 
 
 
Table 3.20 Ratio-to-front values of synthesised ionic liquids 
 
IONIC LIQUIDS 
 
Rf VALUES 
HBetNTf2 0.6 
[DMAPA]FA 0.54 
HMIMBr 0.6 
HPyrBr 0.52 
PMIMBr 0.53 
BMIMBr 0.59 
BMIMCl 0.57 
SMIMHSO4 0.32 
SPyrHSO4 0.32 
TESAC 0.59 
 
 
The 1H-NMR spectrum obtained for each IL is consistent with the IL structure with all 
the hydrogen atoms in the structure represented at the appropriate chemical shifts.  
Chapter 3  Feyisetan Oluremi Thompson 
 
~ 104 ~ 
 
 
3.9 Summary 
 
The ILs prepared and characterised in this work and described in this Chapter have 
been used in the studies on the recovery of key components of waste that are 
reported in Chapters 4 and 5. 
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CHAPTER 4: USE OF IONIC LIQUIDS AS SOLVENTS FOR 
VALUE EXTRACTION FROM FOOD WASTES 
 
 
4.1 Introduction 
 
In this chapter, brief descriptions of key value components of interest, found in 
seafood and beverage wastes, are presented along with details of experiments 
carried out on the use of the ionic liquids described in Chapter 3 to selectively extract 
these components from food waste streams. 
 
The initial step in assessing the suitability of a given IL for extraction of value 
components from food wastes involves determination of the solubilities of each pure 
component in the ILs.  The second step involves the choice of the most appropriate 
IL for the selective extraction of key value components from each waste stream, 
based on the ability of either: 
 
 The IL to solubilise selectively key value components, leaving unwanted 
components insoluble or, 
 The solubility of all other components in the IL phase, with the key value 
component being insoluble and, as such, recovered as a solid residue. 
 
The third step in the evaluation process involves studies on the methods of recovery 
of the ILs used in the extractions to enable them to be reused in subsequent 
extraction procedures. The protocol used in these solubility/extraction/recovery steps 
is set out in Figure 4.1. 
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Figure 4.1: Solubility and extraction – Schematic of experimental protocol 
 
 
4.2 Key Components in Seafood and Beverage Wastes 
 
This section describes the components of seafood and beverage wastes that could 
be regarded as materials having high added value for commercial interest.  
 
4.2.1 Seafood Waste Components - Glycosaminoglycans 
 
A report by Seafish (UK) [150] highlights the fact that seafood wastes contain 
numerous unexploited, highly extractable, expensive and valuable materials such as 
glycosaminoglycans (GAGs), collagen, chitin and chitosan.  These materials have 
unique characteristics that make them valuable in medicine, pharmaceuticals,  
 
 
Chapter 4  Feyisetan Oluremi Thompson 
 
~ 108 ~ 
 
 
nutrition and cosmeceuticals as a result of their biocompatibility and low toxicity [151, 
152].   Chitin, for example can be found in the exoskeleton of invertebrate animals 
and cell walls of plant species, a major commercial source is, however, from 
crustacean wastes, varying in quantity up to 40% of the shellfish body weight [153]. 
The annual global shellfish waste production is estimated at 5 million metric ton  
(mmt) (wet weight) [154], and approx. 1.44 mmt dry weight [155].  In this work, focus 
has been on the potential to recover glycosaminoglycans from seafood wastes and 
chitin from beverage wastes. A brief description of glycosaminoglycans is given in 
this section and chitin in the following section. 
 
Glycosaminoglycans (GAGs) are hydrophilic, carbohydrate compounds found in the 
extracellular matrix, inside cells and on cell surfaces of mammalian tissues.  They 
are normally covalently attached to core proteins,  to form proteoglycans [156], an 
important component of the cell. Other common sources of GAGs are in the muscle 
tissues of scallop gut from shellfish wastes. GAGs are long, un-branched 
polysaccharides with repeat disaccharide units made up of hexosamine, either N-
acetylgalactosamine (GalNAc) or N-acetylglucosamine (GluNAc), and uronic acid 
(glucouronic or iduronic acid) [157, 158], joined by β(1→4) or β(1→3) linkages. The 
presence of sulfate groups and uronic acid make GAGs negatively charged 
compounds. 
 
The following five essential GAGs have been identified as components of seafood 
wastes (though a sixth, heparin, has also been mentioned [159]) namely the sulfated 
GAGs - chondroitin sulfate, dermatan sulfate, heparin sulfate, keratan sulfate, and, a 
non-sulfated GAG, hyaluronan (or hyaluronic acid).  The physical properties of these 
GAGs are presented in Table 4.1. 
 
GAGs and proteoglycan found in cells have important structural and functional 
properties, among which is the production of osmotic swelling pressure to withstand  
external compressive forces [160]. Due to the hydrophilic nature of these 
polysaccharides, they function as water retention vessels needed for tissue hydration 
and they regulate distribution of macromolecules by acting as filters [161]. They have 
a number of important functions in pharmaceutical, cosmetic and food industries;  
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heparin sulfate, the most biologically active GAG, functions as an anti-coagulant in 
blood [159, 162] and acts as a lubricating fluid between joints. 
 
Table 4.1 Physical properties of GAGs 
GAGs 
Decomposition 
temperature 
Structure Appearance 
 
 
Chondroitin 
sulfate  
 
 
 
280-300°C 
 
 
 
 
 
Off white 
powder 
 
 
Hyaluronan 
 
 
 
280-290°C 
 
 
 
 
 
White powder 
 
Dermatan 
sulfate 
 
 
 
280°C 
 
 
 
White powder 
 
Heparin 
sulfate 
 
 
 
280°C 
 
 
 
White and 
flaky 
 
Keratan 
sulfate 
 
 
 
290°C 
 
 
 
Clear liquid 
 
 
Hyaluronic acid is used in moisturisers by the cosmetics industry [163], in clinical 
application for rheumatoid arthritis and osteoarthritis.  Dermatan sulfates, found  
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predominantly in the skin, are used in cell signalling for damaged tissues such as 
wound repair and tumorigenesis, cardiovascular diseases and to regulate enzyme 
activity [164].  There are two types of chondroitin sulfate: chondroitin sulfate A 
(sulfated at the fourth carbon, 4C position of the GalNAc) and chondroitin sulfate C 
(sulfated at the 6C-position of GalNAc). Chondroitin sulfate B was formerly known as 
dermatan sulfate. It is however, chemically different, with a glucuronic acid instead of 
an iduronic acid.  They have been widely used in antiviral research in reducing blood 
sugar levels and as an antioxidant [165]. Table 4.2 shows the distribution of each 
GAG in mammalian tissues. 
 
 
Table 4.2 Distribution of GAGs in mammalian tissues 
GAG Tissue distribution 
Chondroitin sulfate Cartilage, bone, skin, cornea, blood vessels, tendons 
Dermatan sulfate Skin, heart valves, tendons, blood vessel walls 
Keratan sulfate Cartilage, cornea, intervertebral disks 
Hyaluronan 
Connective tissues, cartilage, synovial fluid, vitreous 
humour, umbilical cord 
Heparin sulfate Lungs, blood vessel walls, skin 
 
 
Different techniques for the extraction of GAGs from the extracellular matrix of sea 
animals have been documented [160, 163, 166]. Most of these techniques involve 
breaking the covalent bonds holding the disaccharide units to the core protein either 
by incubation, using the enzyme papain, or by the use of solvents.  According to 
Turnbull et al [167], extraction of GAGs can be achieved by treatment with the 
enzyme papain (in the ratio 1:100-200) in a buffer mixture of 1M NaCl, 50mM 
phosphate, 5mM cysteine in HCl, 1mM EDTA at a pH of 6.8 for 24-48 hours at 60°C.  
Hitchcock et al [160] also extracted GAGs using papain to digest cartilage and 
precipitated the product using ethanol. Further purification to remove protein and 
lipids was carried out using 0.1% acetic acid, followed by passing the sample 
through a strong anion exchange column in the presence of 50mM of sodium  
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phosphate. The GAGs were then eluted with 1M NaCl solution and precipitated with 
ethanol. Other extraction methods that have been used are listed in Table 4.3. These 
methods of GAG extraction are, however, time-consuming and energy intensive, 
therefore alternative extraction methods that are cost effective, energy efficient and 
less time-consuming are desirable.  
 
4.2.2 Beverage Yeast Waste Components – chitin and chitosan 
 
Chitin, one of the most abundant materials in nature, second only to cellulose, and 
chitosan, which is derived from chitin, can be found naturally in plants, exoskeletons 
of invertebrates such as crustacean shells, cuttlefish, squid and fungi. 
 
Chitin is a naturally occurring polysaccharide made up of N-acetyl-D-glucosamine 
monomers, connected by β (1→4) links. The structure of the disaccharide unit that 
makes up chitin polysaccharide is shown in Figure 4.2. These polymers represent 
the second most abundant polymers in nature and exist in structural forms α, β- and 
γ- [154, 168, 169].   
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Figure 4.2 Structure of disaccharide unit of chitin 
 
 
 
N-acetyl-D-glucosamine monomer 
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Table 4.3 Methodologies for GAG extraction 
GAGs Extraction processes Sources References 
 Hyaluronic acid, 
 Chondrotin sulfate 
– dermatan sulfate 
copolymer 
 Digestion with papain in a 1:250 enzyme to sample ratio in 0.1M 
NaOAc, 0,005M disodium EDTA, 0.005M cysteine hydrochloride and 
0.02% sodium azide at 60°C for 24hours. 
 Addition of cold trichloroacetic acid 7%wt/vol and cooled at 4°C for 
24hrs to precipitate proteins which was removed by centrifugation 
 The supernatant dialyse with deionised water for 24hours at 4°C. The 
cetylpyridinium-GAG complex was washed with 0.4 and 2.1M NaCl to 
obtain GAG. 
 Decalcified 
egg shell 
 Chicken crest 
[163]  
Heparin 
 De-fatted tissue with 0.4M Na2SO4 is incubated for 90minutes at 55°C 
 Al2(SO4)3 was added to reduce pH to 7.7 followed by further incubation 
at 95°C, centrifuged at 4°C for 90minutes. 
 The residue was mixed with 0.1% (w/v) cetylpyridinium chloride, settled 
for 4hours and centrifuged for 15minutes at 4°C. The precipitate was 
recovered and dissolved in 2.5M NaCl. GAG was recovered using 
methanol (85% v/v), left overnight at 4°C and centrifuged at 4°C for 
15mins. 
Bivalve mollusc 
Amussium 
pleuronectus 
[162] 
Chondroitin sulfate 
 The protein core was removed using papain enzyme (1% 
concentration), at 45°C for 4hours. pH 6 - 8. 
 An optimum mixture of cartilage powder using NaOH (12% v/v), solvent 
to material ratio of 40ml/g, was placed in a 100ml flask and microwave 
irradiated using an optimum power level of 500W for 5 minutes.   
 A 13.87% (±0.64%) GAG yield was obtained. 
Dasyatis akajei 
cartilage 
[165] 
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Table 4.3 Methodologies for GAG extraction (Continued) 
GAGs Extraction processes Sources References 
Hyaluronic acid 
 Dehydrated and dilapidated crests (100g) hydrated in 2ml buffer 
(100mM NaOAc, pH 5.5, 5.0mM cysteine and 5.0mM disodium-EDTA) 
for 24Hours at 4°C 
 Papain (20mg/ml) was added, incubated for 24hrs at 60°C and 
centrifuged for 30minutes. Cetylpyridinium chloride was added to the 
supernatant and left for 24hours at 25°C and centrifuged for 30minutes. 
The pellet was washed with 1M NaCl and ethanol at 16°C for 24hours.  
Chicken crest [170] 
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Chitin can be found in fungi, yeasts and in crustaceans.  A number of beverage 
wastes particularly the waste yeasts from brewing are known to contain chitin. The 
chitins found in fungi such as yeasts are different from those found in crustaceans in 
that they are attached by covalent bonds to other polysaccharides such as glucans, 
not found in shellfish. The chitin-glucan complexes are generally hard to dissolve by 
the acid or alkaline treatments normally used to extract chitin because of the strong 
covalent bond holding the chitin and glucan molecules together as well as the 
fluctuating ratios of chitin to glucan, which, to a large extent depend on the fungal 
source and environmental conditions surrounding the fungi. The work described in 
this thesis concentrates on the use of ionic liquid methodologies to extract chitin from 
sources containing the chitin-glucan complexes rather than from crustacean wastes.   
 
In yeast cells the chitin bound to glucan is responsible for cell wall rigidity.  In 
contrast to crustacean shells, chitin is also bound to proteins, lipids and minerals, 
which account for 90% of the cell dry weight; along with some trace elements [155]. 
Extraction of pure chitin from these sources can be achieved chemically or 
biologically.  
 
Chemical extraction involves demineralisation and deproteination as follows: calcium 
carbonate is removed using hydrochloric acid and the proteins are usually destroyed 
by treatment with sodium hydroxide prior to the removal of lipids and other 
components using organic acids. Chemical extraction methods, however, have 
disadvantages because they result in the production of wastes that create disposal 
problems and because the acid and alkali treatments used degrade the quality of 
chitin extracted through deacetylation and depolymerisation processes.   
 
The biological method of chitin extraction involves the use of microorganisms or 
enzymes. These processes eliminate the use of hazardous chemicals and produce 
intact chitin, with higher molecular weights, compared to the chemical extraction 
methods. Enzymes which have been used in chitin extraction include proteases, 
chitinase and deacetylase [155, 171] but research has also suggested that the use of 
lactic acid bacteria, Lactobacillus paracasei, and fungi, Penicillium chrysogenum,  
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Bacillus subtilis, for chitin recovery are more effective and less expensive than both 
chemical and enzyme treatment [153, 155, 171, 172].  
 
Methods of extraction of chitin, specifically from fungal sources, have been achieved 
by physiochemical treatment, using organic and inorganic solvents and by the use of 
enzymes. Ivshin et al, [173], for example, used low concentrations (1-2%) of NaOH, 
HCl, hydrogen peroxide and detergent to hydrolyse the proteins and lipids of 
Armillariella mellea fungi, isolating a chitin-glucan complex, with a 4.5% yield. 
Analysis of the product by FTIR and comparison with commercial grade crustacean 
chitin showed no difference in the absorption bands in the chitin recovered from the 
fungi.  
 
An alternative extraction method was used by Teng et al [171] to extract 10-15% 
chitin from a combination of shrimp shells and fungal cells using 5% 
LiCl/dimethylacetamide as solvent. The shrimp shell and fungus sources were 
combined in a reaction chamber so that the natural protease enzyme from the fungi 
was used to deproteinate the shrimp shells, thereby releasing hydrolyzed proteins. 
Simultaneously, the protein served as a nitrogen source for the production of more 
fungi.  
 
Chitin has very low solubility in most solvents but does dissolve in aqueous solutions 
of mineral acids, hexafluoroisopropanol, hexafluoroacetone and dimethylacetamide, 
containing 5% LiCl [168]. The multifunctional properties of chitin that include; 
biodegradability, low toxicity, ion exchange behaviour, complex formation, fibre and 
film formation, and biocompatibility, make the material suitable for application in the 
biomedical, agriculture, water treatment, cosmetic, food science and engineering 
industries [174-176].  
 
Chitosan, a derivative of chitin, obtained by alkaline deacetylation of the material at 
temperatures between 90-100°C or by enzyme deacetylation has been found to 
have more applications due to the presence of free amino groups at the second 
carbon position (2C), which renders chitosan more chemically reactive and more 
readily soluble in many solvents. Chitosan, like chitin, have similar properties, and  
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the degree of deacetylation of chitin to give chitosan, determines possible 
applications of chitosan. Chitin and its derivatives have extensive applications and 
functions in different industrial sectors. Table 4.4 lists some of these applications and 
functions. 
 
 
4.3 Ionic Liquids as Extraction Solvents for Components of Food 
Wastes 
 
In order to assess the applicability of ILs for use in the extraction of key value 
components from wastes, a series of solubility tests were carried out by the following 
two-step process: 
 
(i) The solubility of each pure component, typically found in food wastes, in the 
ILs described in Chapter 3, was determined to assess the potential of the ILs 
to extract the key value components from waste streams. The waste 
components studied are grouped into categories found in: (a) seafood wastes 
including glycosaminoglycans (GAGs), organic acids, amino acids, fatty acids, 
carbohydrates and fats and (b) in beverage waste including chitin, sugars, 
polyphenols, amino acids, proteins, organic acid and water.  
 
(ii) The solubilities of the food components were also determined in 
circumstances where changing conditions could impact on solubility in a real 
waste system so that follow-on extraction procedures can be developed using 
not only the solubility of the components in the IL but also the solubilities of 
components in other solvents and under different conditions. 
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Table 4.4 Applications and functions of chitin and its derivatives 
 
Application area 
 
Uses 
 
References 
 
Notes 
Wound dressing Sutures and wound dressing 
materials 
[168, 177] Chitin based dressing accelerates 
healing and repair 
Organ membrane Used as artificial kidney membrane [168] n/a 
Tissue engineering  Composite chitosan/calcium 
phosphate as scaffolding material. 
 Chitosan/GAG composite in 
particular cartilage repair 
[168, 177-180] n/a 
Ophthalmology  Partially depolymerised chitosan 
to make contact lenses 
[168] n/a 
Waste water 
treatment 
 Removal of heavy metals ions 
e.g. chitin used in the removal of 
methyl-mercury acetate and 
plutonium 
 Flocculating agent 
 Removal of petroleum and by-
products 
[155, 168, 181] Due to the polycationic nature, it 
agglomerates anionic particles in 
solution for easy removal 
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Table 4.4 Applications and functions of chitin and its derivatives (Continued) 
 
Application area 
 
Uses 
 
References 
 
Notes 
Cosmetics Hair, skin and oral care [168] Chitosan can be used as shampoo 
and conditioner. In skin care, due to 
their positive charge and large 
molecular weight, they cannot 
penetrate the skin and hence used 
as moisturisers, lipsticks, 
foundations, nail enamel and 
lacquer.   Chitin and chitosan are 
used to refresh breath, tooth paste, 
chewing gum. Chitin is also used as 
dental fillers 
Food processing Emulsifiers, thickeners and stabilising 
agent 
[168] n/a 
Textile In printing, chitosan used in dye 
removal 
[168] n/a 
Paper processing 
and packaging 
 Thickeners for recycled paper 
 Biodegradable packaging material 
[155, 168] n/a 
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The methodology adopted for solubility testing involved mixing:  
(i) individual food components in ILs at 80oC for 20 minutes 
(ii) individual food components in common organic solvents at room 
temperature 
(iii) individual food components in ILs under different conditions  
(iv) ILs in solvents at room temperature 
 
The solubilities of individual food components (50mg) were initially tested in the ILs 
(1g) and those components that dissolved were further tested on a g/g level. The 
solubility measurements were carried out in triplicate to ensure reproducibility of the 
solubilities determined under the conditions set out in Table 4.5. The solubilities of 
the pure reference components were also determined in organic solvents using 
compounds and solvents purchased from Sigma Aldrich, Healthy Direct, Fischer 
Scientific and other sources as shown in Tables 4.6.  
 
Table 4.5 Conditions for solubility testing 
 
Solubility Test 
 
Medium 
 
Mixture of materials 
 
Conditions of treatment 
Individual 
component  
IL  
 
Component (solute) 
(50mg) + IL (1g) 
Stirred in a water bath for 
20 minutes at 80oC  
Components (50mg) + 
IL(1g) 
Stirred in an oil bath for 
20 minutes at 160oC 
*IL + H2O 
**Components (solute) 
50mg + IL(1g) + H2O 
(1g) 
Stirred in a water or oil 
bath for 20 minutes at 
room temperature and 
80oC 
Organic 
solvent  
Component (10mg) + 
solvent (1g) 
Stirred for 20 minutes at 
room temperature 
Ionic liquid 
Organic 
Solvent 
IL (1g) + solvent (1g) 
Stirred for 20 minutes at 
room temperature 
** Selected class of compound – Amino acids, carbohydrates, Fat, Fatty acids and GAGs  
* Selected IL - HBetNTf2, BMIMCl, [DMAPA] FA  
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The results for solubilities of food components measured in ‘dry’ as-prepared ILs are 
in Table 4.7.  For comparison purposes the solubilities of the seafood components in 
a range of organic solvents are listed in Table 4.8 and the solubilities of the ILs in the 
organic solvents are in Table 4.9. 
  
To investigate the effect of pH, temperature and water on the solubilities of individual 
food components, the components were treated with a mixture of ILs and distilled 
water in 1:1 ratios, at room temperature and 80oC.   
 
Table 4.6 Food components used in solubility tests and suppliers 
 
Categories 
 
Components 
 
Supplier 
Glycosaminoglycans 
Chondroitin Sulfate Sigma Aldrich/Healthy Direct 
Dermatan Sulfate Sigma Aldrich 
Heparin Sulfate Celsius laboratory inc., USA 
Hyaluronic acid Sigma Aldrich/Healthy Direct 
Organic Acid Malic acid Sigma Aldrich Lactic acid Fluka 
Fatty Acid Palmitic Acid Acros Organics Oleic Acid Acros Organics 
Fats Omega-3 Healthy Direct, UK 
Carbohydrate Glucosamine sulfate Healthy Direct, UK 
Amino Acid 
Alanine Sigma Aldrich 
Glysine BDH Chemical Ltd 
Phenylalanine Sigma Aldrich 
Lysine Sigma Aldrich 
Polyphenols 
Quercertin Sigma Aldrich 
Rutin Sigma Aldrich 
Naringin Sigma Aldrich 
Caffeic acid Sigma Aldrich 
Sugars Glucose Sigma Aldrich Sucrose Sigma Aldrich 
Polysaccharide 
Chitin Acros Organics 
β-Glucan Sigma Aldrich 
Glycogen Sigma Aldrich 
 
 
4.3.1 Effect of variable conditions on solubility of seafood components 
 
The influence of different conditions on the solubility of waste components was 
studied to provide information to be used to optimise selective recovery conditions  
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for the key value component materials by varying the IL used, temperature, pH and 
water content separately. The methodologies adopted for measuring the solubilities 
under the different conditions are set out below. 
 
Effect of temperature and moisture on solubility of seafood waste components 
 
To identify the ideal IL and conditions for the extraction of key value components 
from seafood waste, the solubility data for the key components were determined in 
IL: water mixtures and at two temperatures in the following systems: 
 
(i) Mixing the ILs (1ml), distilled water (1ml), and the seafood waste components 
(50mg) at room temperature for 20mins. 
(ii) Mixing the ILs (1ml) and distilled water (1ml) and the seafood waste 
component (50mg) at 80°C for 20mins. 
 
Data obtained are presented in Table 4.10 – 4.12, and compared with solubility data 
for the components in “dry” ILs at 80°C (Table 4.7).  
 
Effect of pH on solubility of seafood waste components 
 
Variation in pH on the solubility of chondroitin sulfate (CS) in an IL: water (1:1) 
mixture at room temperature and 60°C was investigated as follows: IL (2g) and 
distilled H2O (2g) were mixed with 40mg of CS (initial pH = 1.47) in a test tube, and 
the pH varied with the addition of 1M NaOH. The results are reported in Tables 4.13 
and 4.14. 
 
The solubilities of other seafood waste components were separately tested in the IL, 
in water, and in the IL: H2O (1:1) mixture which involved mixing of: 
 
(i) each of the components (50mg) in H2O (2g) 
(ii) each of the components (50mg) in the IL (2g) and, 
(iii) each of the components (50mg) in a mixture of the IL : H2O (1:1) 
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The results are in Tables 4.15 – 4.17. 
 
Effect of increasing IL quantity on CS solubility 
 
The effect of varying the amount of IL on the solubility of chondroitin sulfate was 
investigated by varying quantities of IL, mixed with distilled water (1ml) and CS 
(50mg) in a test tube at 30°C for 20minutes. The mixture was vacuum-filtered and 
washed with methanol to remove IL traces. The residue was then dried and weighed, 
and the solubility data and percentages of soluble CS are given in Table 4.18. This 
solubility investigation was carried out in duplicate and the average value obtained. 
 
4.3.2 Effect of variable conditions on solubility of beverage waste 
components 
 
Similar experiments were carried out to determine the solubilities of cider yeast 
components in ILs and organic solvents and to determine the effects of temperature 
on these solubilities.  The results are presented in the following tables: 
 
 Table  4.19 - the solubilities of cider yeast wastes in ILs at 80oC;  
 Table 4.20 – the effects of increasing temperature on the solubility of 
beverage waste components; 
 Table  4.21 – solubility of cider yeast waste components in organic solvents at 
room temperature; and 
 Table 4.22 – solubility of cider yeast waste components in an IL: H2O (1:1) 
system at 80oC 
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Table 4.7 Solubility of seafood components in ionic liquids (g/g of IL) 
Components of 
seafood 
wastes 
 
IONIC LIQUIDS 
SPyrHSO4 SMIMHSO4 PMIMBr BMIMCl BMIMBr HBetNTf2 DMAPA[FA] HMIMBr HPyrBr HMIMCl 
 
Glycosaminoglycans 
Chondrotin 
Sulfate 
Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble 
Dermatan 
Sulfate 
Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble 
Heparin Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble 
Hyaluronic Acid Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble 
 
Amino Acids 
Phenyl-alanine Soluble Soluble Insoluble Insoluble Insoluble Soluble Insoluble Insoluble Insoluble Soluble 
Alanine Soluble Soluble Insoluble Insoluble Insoluble 0.06 Insoluble Insoluble Insoluble Insoluble 
Glycine 0.25 Insoluble Insoluble Insoluble Insoluble Soluble Insoluble Insoluble Insoluble Insoluble 
Lysine Soluble Insoluble Insoluble Insoluble Insoluble 0.09 Insoluble Insoluble Insoluble Insoluble 
 
Fatty Acids 
Palmitic acid Insoluble Insoluble Insoluble >1 0.05 Insoluble >1 >1 >1 Soluble 
Oleic acid Insoluble Insoluble Insoluble >1 Soluble Insoluble >1 >1 >1 Soluble 
 
Organic Acids 
Lactic acid >1 >1 >1 Soluble >1 >1 >1 >1 >1 Soluble 
Malic acid >1 >1 >1 Soluble Soluble 0.3 Soluble >1 >1 >1 
 
Carbohydrate 
Glucosamine 
sulfate 
Insoluble Insoluble Insoluble Soluble Insoluble Soluble 0.3 Insoluble >1 Insoluble 
 
Fat 
Omega-3 Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble 
 
Protein 
Collagen Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble 
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Table 4.8 Solubility of seafood components in a range of organic solvents (mg/g of solvent) 
Components 
Dichloro- 
methane 
Chloroform Methanol Ethyl acetate H2O Ethanol Acetone 
Petroleum 
ether 
Component of seafood 
Malic acid Insoluble Insoluble Soluble Insoluble Soluble Soluble Soluble Insoluble 
Lactic acid Soluble Insoluble Soluble Soluble Soluble Soluble Soluble Insoluble 
Oleic acid Soluble Soluble Soluble Soluble Insoluble Soluble Soluble Soluble 
Phenylalanine Insoluble Insoluble Insoluble Insoluble Soluble Insoluble Insoluble Insoluble 
Lysine Insoluble Insoluble Insoluble Insoluble Soluble Insoluble Insoluble Insoluble 
Alanine Insoluble Insoluble Insoluble Insoluble Soluble Insoluble Insoluble Insoluble 
Glysine Insoluble Insoluble Insoluble Insoluble Soluble Insoluble Insoluble Insoluble 
Glucose Insoluble Insoluble Soluble Insoluble Soluble Insoluble Insoluble Insoluble 
Glucosamine 
sulfate 
Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble 
Palmitic acid Soluble Soluble Soluble Insoluble Insoluble Insoluble Insoluble Insoluble 
Omega-3 Soluble Soluble Soluble Soluble Insoluble Soluble Soluble Soluble 
Cod liver oil Soluble Soluble Soluble Soluble Insoluble Insoluble   
Chondroitin 
Sulfate (Sigma) 
Insoluble Insoluble Insoluble Insoluble Soluble Insoluble Insoluble Insoluble 
Chondroitin 
Sulfate (HD) 
Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble 
Hyaluronic acid Insoluble Insoluble Insoluble Insoluble Soluble Insoluble Insoluble Insoluble 
Heparin Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble 
Dermatan sulfate Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble 
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Table 4.9 Solubility of ILs in a range of organic solvents 
 
 
Ionic 
Liquids 
 
Organic Solvents 
 
Dichloromethane Chloroform Methanol Ethyl 
acetate 
H2O Ethanol Acetone Petroleum 
ether 
HBetNTf2 Insoluble Insoluble Soluble Soluble Insoluble Soluble Soluble Insoluble 
BMIMCl Soluble Soluble Soluble Insoluble Soluble Soluble Insoluble Insoluble 
PMIMBr Soluble Soluble Soluble Insoluble Soluble Soluble Soluble Insoluble 
HMIMBr Insoluble Soluble Soluble Insoluble Soluble Soluble Soluble Insoluble 
BMIMBr Insoluble Soluble Soluble Insoluble Soluble Soluble Soluble Insoluble 
HPyrBr Soluble Soluble Soluble Insoluble Soluble Soluble Soluble Insoluble 
SMIMHSO4 Insoluble Insoluble Soluble Insoluble Soluble Soluble Insoluble Insoluble 
SPyrHSO4 Insoluble Insoluble Soluble Insoluble Soluble Soluble Insoluble Insoluble 
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Table 4.10 Effect of water and temperature on solubility of food waste components in BMIMCl 
 
Scallop components 
 
 
BMIMCl + H2O at 
room temperature 
 
BMIMCl at 80°C 
 
BMIMCl + H2O at 
80°C 
GAGs Chondrotin sulfate Insoluble Insoluble Insoluble 
Hyaluronic Acid Insoluble Insoluble Insoluble 
Fats Omega-3 Insoluble Insoluble Insoluble 
Carbohydrate Glucosamine 
Sulfate 
Insoluble Soluble Soluble 
Organic 
acids 
Lactic acid Soluble Soluble Soluble 
Malic acid Soluble Soluble Soluble 
Fatty acid Oleic acid Insoluble Soluble Insoluble 
Palmitic acid Insoluble Soluble Soluble 
Amino acids Phenylalanine Insoluble Insoluble Insoluble 
Alanine Insoluble Insoluble Insoluble 
Glysine Insoluble Insoluble Insoluble 
Lysine Insoluble Insoluble Soluble 
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Table 4.11 Effect of water and temperature on solubility of food waste components in [DMAPA] [FA] 
 
Scallop components 
 
[DMAPA][FA] + H2O at 
room temperature 
 
[DMAPA][FA] at 
80°C 
 
[DMAPA][FA]+ H2O at 
80°C 
GAGs Chondrotin Sulfate Insoluble Insoluble Insoluble 
Hyaluronic Acid Insoluble Insoluble Partially Soluble 
Fats Omega-3 Insoluble Insoluble Insoluble 
Carbohydrate Glucosamine 
Sulfate 
Insoluble Partially Soluble Partially Soluble 
Organic acids Lactic acid Soluble Soluble Soluble 
Malic acid Soluble Soluble Soluble 
Fatty acid Oleic acid Insoluble Soluble Insoluble 
Palmitic acid Insoluble Soluble Soluble 
Amino acids Phenylalanine Soluble Insoluble Soluble 
Alanine Soluble Insoluble Soluble 
Glysine Soluble Insoluble Soluble 
Lysine Soluble Insoluble Soluble 
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Table 4.12 Effect of water and temperature on solubility of food waste components in HBetNTf2 
 
Scallop components 
 
 
HBetNTf2 + H20 at 
r.t. before heating 
 
HBetNTf2 + H2O 
(at 80°C) 
 
HBetNTf2 + H2O at r.t. 
(after heating) 
GAGs Chondroitin Sulfate Insoluble Insoluble Insoluble 
Hyaluronic Acid Insoluble Insoluble Insoluble 
Heparin Soluble Soluble Soluble 
Dermatan Sulfate Soluble Soluble Soluble 
Organic acids Lactic acid Soluble Soluble Soluble 
Malic acid Soluble Soluble Soluble 
Amino Acids Phenylalanine Soluble Soluble Soluble 
Alanine Soluble Soluble Soluble 
Lysine Soluble Soluble Soluble 
Glycine Soluble Soluble Soluble 
Carbohydrate Glucosamine 
Sulfate 
Soluble Soluble Soluble 
Fat Omega-3 Insoluble Insoluble Insoluble 
Fatty acids Palmitic acid Insoluble Insoluble Insoluble 
Oleic acid Soluble Soluble Soluble 
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Table 4.13 Effect of pH on CS 
solubility at room temperature 
 
Samples 
 
 
pH 
 
 
Solubility  
0 (Initial) 1.47 Insoluble 
1 2.04 Insoluble 
2 3.18 Soluble 
3 4.01 Soluble 
4 5.00 Soluble 
5 6.25 Soluble 
6 7.19 Soluble 
7 8.08 Soluble 
8 9.00 Soluble 
9 10.02 Soluble 
10 11.17 Soluble 
11 12.77 Soluble 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.14 Solubility of CS with 
increasing pH at 60°C 
 
Samples 
 
 
pH 
 
 
Solubility  
0 1.47 Insoluble 
1 1.79 Soluble 
2 3.12 Soluble 
3 3.96 Soluble 
4 5.02 Soluble 
5 6.14 Soluble 
6 7.23 Soluble 
7 7.62 Soluble 
8 7.80 Soluble 
9 8.33 Soluble 
10 10.05 Soluble 
11 11.29 Soluble 
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Table 4.15 Solubility and pH tests of scallop gut waste components in water 
 
Seafood components 
 
Initial 
pH 
 
Solubility 
 
Solubility at 
pH 3 
 
Solubility at 
pH 5 
 
Solubility at 
pH 7 
 
GAG Chondroitin Sulfate n/a Soluble Soluble Soluble Soluble 
Carbohydrate Glucosamine 
sulfate 
5.59 Insoluble Insoluble Insoluble Insoluble 
Fat Omega-3 6.00 Insoluble Insoluble Insoluble Insoluble 
Fatty Acids Oleic acid 4.11 Insoluble Insoluble Insoluble Insoluble 
Palmitic acid 4.59 Insoluble Insoluble Insoluble Insoluble 
Organic 
Acids 
Lactic acid 2.02 Soluble Soluble Soluble Soluble 
Malic acid 2.25 Soluble Soluble Soluble Soluble 
Amino acids Alanine 4.42 Soluble Soluble Soluble Soluble 
Lysine 4.25 Soluble Soluble Soluble Soluble 
Phenylalanine 5.93 Soluble Soluble Soluble Soluble 
Glysine 6.18 Soluble Soluble Soluble Soluble 
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Table 4.16 Solubility and pH tests of scallop gut waste components in HBetNTf2 
 
Seafood components 
 
Initial pH 
 
Solubility 
 
Solubility at  
pH 3 
 
Solubility at  
pH 5 
 
Solubility at  
pH 7 
GAG Chondroitin 
Sulfate 
0.83 Insoluble Partially Soluble Partially soluble Soluble 
Carbohydrate Glucosamine 
sulfate 
0.80 Insoluble Insoluble Insoluble Insoluble 
Fat Omega-3 0.60 Insoluble Insoluble Insoluble Insoluble 
Fatty Acids Oleic acid 0.52 Insoluble Insoluble Insoluble Insoluble 
Palmitic acid 0.95 Insoluble Insoluble Insoluble Insoluble 
Organic Acids Lactic acid 0.44 Soluble Soluble Soluble Soluble 
Malic acid 0.29 Soluble Soluble Soluble Soluble 
Amino Acids Alanine 1.38 Insoluble Soluble Soluble Soluble 
Lysine 1.59 Insoluble Soluble Soluble Soluble 
Phenylalanine 1.49 Insoluble Soluble Soluble Soluble 
Glysine 1.51 Insoluble Soluble Soluble Soluble 
Amino acids are insoluble in very acidic conditions up to pH 2.35 
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Table 4.17 Effect of pH on seafood waste components in HBetNTf2 + water (1:1) 
 
Seafood Components 
 
Solubility at pH 3 
 
 
Solubility at pH 5 
 
Solubility at pH 7 
GAG Chondroitin Sulfate Soluble Soluble Soluble 
Carbohydrate Glucosamine sulfate Insoluble Insoluble Insoluble 
Fat Omega-3 Insoluble Insoluble Insoluble 
Fatty Acids Oleic acid Soluble Insoluble Insoluble 
Palmitic acid Insoluble Insoluble Insoluble 
Organic 
Acids 
Lactic acid Soluble Soluble Soluble 
Malic acid Soluble Soluble Soluble 
Amino Acids Alanine Soluble Soluble Soluble 
Lysine Soluble Soluble Soluble 
Phenylalanine Soluble Soluble Soluble 
Glysine Soluble Soluble Soluble 
Amino acids are insoluble in very acid conditions of a 1:1 mix of HBetNTf2 and water at pH <1.9 
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Table 4.18  Effect of IL concentration on solubility of chondroitin sulfate (50mg) 
 HBetNTf2 (1ml) 
+ H2O (1ml) 
HBetNTf2 (2ml) 
+ H2O (1ml) 
HBetNTf2 (3ml) 
+ H2O (1ml) 
HBetNTf2 (4ml) 
+ H2O (1ml) 
HBetNTf2(5ml) 
+ H2O (1ml) 
 
CS soluble (mg) 
 
21.3 
 
35.8 
 
23.1 
 
17.4 
 
15.7 
% Soluble CS 42.6 71.6 46.2 34.3 30 
pH 1.7 1.76 1.74 1.56 1.53 
Solubility tests carried out in duplicates and average weight determined 
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Table 4.19 Solubility of components of cider yeast wastes in ILs at 80°C (g/g IL) 
 
Categories 
 
Components 
 
HPyrBr 
 
BMIMCl 
 
PMIMBr 
 
HMIMBr 
 
BMIMBr 
 
DMAPA[FA] 
 
HMIMCl 
 
Polyphenols Quercetin 0.81 Soluble 0.84 ≤ 8.1 Soluble ≤ 0.8 ≤ 0.84 
Naringin ≤ 0.86 Soluble ≤ 0.87 ≤ 0.3 Soluble ≤ 0.9 ≤ 0.5 
Rutin ≤ 0.5 Soluble ≤ 0.81 ≤0.3 Soluble ≤ 0.51 ≤ 0.5 
Caffeic acid ≤ 0.9 Soluble ≤ 0.8 ≤ 0.2 Soluble ≤ 0.52 ≤ 0.5 
Sugars Glucose 0.44 0.66 0.7 0.56 0.65 Soluble Soluble 
Fructose > 1 Soluble >1 Soluble Soluble ≤ 0.56 > 1 
Sucrose ≤ 0.89 Soluble >1 Soluble Soluble ≤ 0.53 ≤ 0.8 
Organic acid Lactic >1 Soluble >1 >1 >1 >1 Soluble 
Malic acid >1 >1 >1 >1 >1 Soluble Soluble 
Polysaccharide Chitin Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble 
β-Glucan Soluble Soluble Soluble Soluble Soluble Insoluble Soluble 
Glycogen < 0.1 <0.1 ≤ 0.1 <0.07 <0.08 ≤ 0.14 ≤ 0.08 
Protein Collagen Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble 
Fat Omega-3 Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble 
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Table 4.20 Effect of temperature on some beverage waste components 
Components of 
cider yeast 
DMAPA[FA] 
100°C 120°C 125°C 130°C 140°C 150°C 160°C 170°C 180°C 
Collagen Insoluble Insoluble Insoluble Insoluble Insoluble PS PS PS PS 
β-glucan PS Soluble Soluble Soluble Soluble Soluble Soluble Soluble Soluble 
Chitin Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble 
 HMIMCl 
100°C 120°C 125°C 130°C 140°C 150°C 160°C 170°C 180°C 
Collagen PS PS PS PS PS PS PS PS PS 
β-glucan Soluble Soluble Soluble Soluble Soluble Soluble Soluble Soluble Soluble 
Chitin Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble 
 PMIMBr 
100°C 120°C 125°C 130°C 140°C 150°C 160°C 170°C 180°C 
Collagen Insoluble PS PS PS PS PS PS PS PS 
β-glucan Soluble Soluble Soluble Soluble Soluble Soluble Soluble Soluble Soluble 
Chitin Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble 
 BMIMCl 
100°C 120°C 125°C 130°C 140°C 150°C 160°C 170°C 180°C 
Collagen PS PS PS PS PS PS PS PS PS 
β-glucan Soluble Soluble Soluble Soluble Soluble Soluble Soluble Soluble Soluble 
Chitin Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble 
PS = partially soluble 
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Table 4.21 Solubility of cider yeast waste components in organic solvents at room temperature 
 
Component of 
cider yeast 
 
Chloroform 
 
Ethyl 
acetate 
 
Acetone 
 
Butanone 
 
Ethanol 
 
 
Water 
 
Methanol 
 
Diethyl 
ether 
Polyphenols Caffeic 
acid 
Insoluble Insoluble Soluble Soluble Soluble Insoluble Soluble Insoluble 
Naringin Insoluble Insoluble Soluble Soluble Soluble Insoluble Soluble Insoluble 
Rutin Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Soluble Insoluble 
Quercetin Insoluble Soluble Soluble Soluble Soluble Insoluble Soluble Insoluble 
Sugars Glucose Insoluble Insoluble Insoluble Insoluble Insoluble Soluble Soluble Insoluble 
Sucrose Insoluble Insoluble Insoluble Insoluble Insoluble Soluble Soluble Insoluble 
Organic acids Lactic acid Insoluble Soluble Soluble Soluble Soluble Soluble Soluble Soluble 
Malic acid Insoluble Insoluble Soluble Soluble Soluble Soluble Soluble Soluble 
Polysaccharides Chitin Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble 
Glycogen Insoluble Insoluble Insoluble Insoluble Insoluble Soluble Insoluble Insoluble 
β-Glucan Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble 
Fat Omega-3 Soluble Soluble Soluble Soluble Soluble Insoluble Soluble Soluble 
Protein Collagen Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble 
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Table 4.22 Solubility of cider yeast component in an IL: H2O (1:1) system at 80°C 
 
Cider yeast components 
 
PMIMBr + H2O 
 
[DMAPA][FA] + 
H2O 
 
BMIMCl + H2O 
Polyphenol Quercertin Soluble Soluble Soluble 
Sugar 
Sucrose Soluble Soluble Soluble 
Fructose Soluble Soluble Soluble 
Organic acid 
Malic acid Soluble Soluble Soluble 
Lactic acid Soluble Soluble Soluble 
Polysaccharide 
Chitin Insoluble Insoluble Insoluble 
β-glucan Insoluble Insoluble Insoluble 
Mannose Soluble Soluble Soluble 
Protein Collagen Insoluble Insoluble Insoluble 
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4.4  Potential Applications of Ionic Liquids in Key Component 
Recovery from Food Waste 
 
The potential applications of the solubility data described in Section 4.3 on the 
possible use of ionic liquids in key component extractions and recoveries, and in 
particular the selective solubility properties of ILs to dissolve non-targeted 
components into the IL phase leaving the key value component available for 
separation form the basis of the extraction trials in this research. 
 
The potential applications are considered under two headings: 
 
(i) Solubility of seafood waste key components in ILs and organic solvents 
(ii) Solubility of cider yeast waste key components in ILs and organic solvents 
 
From the solubility tests of the key value components in seafood described in 
Section 4.3.1, the following patterns are observed: 
 
1. The ‘dry’ ILs tested did not dissolve the glycosaminoglycans at 80°C.  
2. BMIMCl, [DMAPA][FA], and HPyrBr dissolve fatty acids, organic acids and 
carbohydrates. 
3. HBetNTf2 dissolves the amino acids, organic acids and carbohydrates. 
4. The fats and proteins do not dissolve in the ILs tested 
5. The GAGs are insoluble in the organic solvents tested but are water- soluble. 
This is because the highly polar water molecule is able to form H-bonds with 
the hydroxyl groups found in GAGs.  Chondroitin sulfate and hyaluronic acids 
are insoluble in the ILs (BMIMCl, [DMAPA][FA] and HBetNTf2) and in the IL: 
water (1:1) system at room temperature and 80°C 
 
The solubility tests on key components in cider yeast waste indicate that: 
 
6. The proteins, fats and chitin are insoluble in all seven ILs tested at 80°C 
7. The ILs dissolve the polyphenols, organic acids and sugars  
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8. Chitin is insoluble in HMIMCl, BMIMCl, PMIMBr and [DMAPA][FA] at 
temperatures up to 180°C,  
 
9. β-glucan is soluble and collagen partially soluble in HMIMCl, BMIMCl, 
PMIMBr and [DMAPA][FA] at temperatures up to 180°C.   
 
4.4.1. Potential Recovery of Glycosaminoglycans and Other Seafood Key 
Components by Exploiting Solubilities in Ionic Liquids 
 
Glycosaminoglycans are insoluble in the ‘dry’ ILs tested at 80°C (Table 4.7). This 
can be attributed to the bulky polymer structure of GAGs and the strong covalent 
glycosidic bonds holding the monosaccharide units together. The compounds are 
also insoluble in a range of organic solvents (Table 4.8).  
 
The solubility measurements of the GAGs (CS and HA) tested separately in the ILs, 
BMIMCl, [DMAPA][FA], and HBetNTf2 in (1:1) mixtures of the ILs in water, show they 
are also insoluble at both room temperature and at 80°C (Tables 4.10 - 4.12), 
suggesting that neither the presence of water nor an increase in temperature has a 
significant effect on GAG solubility in the ILs.  
 
Data from Tables 4.13 and 4.14 and 4.16 and 4.17 show that solubility of the GAG, 
CS, in an HBetNTf2 IL: H2O (1:1) mixture at room temperature and 60oC and in 
HBetNTf2 and a mixture of HBetNTf2 and distilled water does, however, change with 
increasing pH. These data suggest that any dissolved CS will precipitate out of 
solution if the solution is acidified. To exploit the solubility properties of GAGs in ILs it 
would be necessary to devise protocols to separate the GAGs from other seafood 
waste components on the basis of differences in solubility between the GAGs and 
the other components as indicated by the data in Tables 4.7- 4.8 and 4.10 – 4.17.  
For example: 
 
 amino acids are soluble in water, HBetNTf2: water mixtures and 
[DMAPA][FA]:water mixture at room temperature and 80°C but are insoluble  
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in HBetNTf2 (below pH 3), dry [DMAPA][FA] at 80oC and BMIMCl and 
BMIMCl: water mixtures at room temperature and 80oC. 
 
 The organic acids, lactic and malic, are soluble in all ILs and IL: water 
systems tested at room temperature and 80°C with values >1g/g of IL. 
 
 The fatty acids, palmitic and oleic acid are soluble in most ILs tested with 
solubility values of >1g/g of IL but not in PMIMBr, HBetNTf2 and the 
zwitterions ILs. Oleic acid is insoluble in a 1:1 mixtures of [DMAPA] [FA] and 
BMIMCl with distilled water at room temperature. Palmitic acid is soluble in 
dry [DMAPA][FA] and BMIMCl at 80°C and addition of distilled water does not 
result in a change in solubility at this temperature but on cooling the mixture to 
room temperature, palmitic acid becomes insoluble. In dry HBetNTf2, oleic 
and palmitic acid are insoluble, but with the addition of distilled water, at room 
temperature and 80°C, oleic acid becomes soluble while palmitic acid remains 
insoluble. The oleic acid in this solution can, however be precipitated out by 
raising the pH to above 3.        
  
 The protein, collagen, is insoluble in all ILs 
 
4.4.2. Potential Recovery of Cider Yeast Waste Key Components by Exploiting 
Solubilities in Ionic Liquids 
 
To exploit ionic liquid technology for the recovery of key components from cider 
yeast waste, use must be made of the solubility data of all the components listed in 
Table 4.19-4.22, for example: 
 
 Chitin is very insoluble in all ILs tested at 80°C due to its compact crystalline 
structure as well as to an increased inter- and intra-molecular hydrogen bonds 
found between the amides, hydroxyl and carbonyl groups of the chitin 
monosaccharide [152, 182]; 
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 Chitin remains insoluble when the temperature is raised to 180oC while β-
glucan is soluble in all the ILs at this temperature range and collagen shows 
partial solubility; 
 Other polysaccharides have different solubilities in the ILs at 80°C for 
example β-glucan is soluble in all the ILs except [DMAPA]FA while glycogen 
is soluble in all ILs, with an average solubility of 0.1g/g of IL; 
 Polyphenols are soluble in all the ILs tested with an average solubility of 
0.73g/g of IL; and 
 The sugar and organic acid components are soluble in all ILs tested with the 
organic acids having solubility >1g/g of IL.  
 
 
4.5  Extraction of Key Food Components from Simulated Food 
Systems  
 
Studies on the use of ILs to extract key value components from food wastes were 
carried out on three distinct systems: 
 
(i) simple simulated systems  
(ii) complex simulated mixed systems; and 
(iii) an actual waste system 
 
and the results described in the following sections. 
 
o Section 4.5.1 - the recovery of glycosaminoglycans (GAGs) from 
simple simulated seafood waste systems, and the recovery of chitin 
from simple simulated cider yeast waste 
o Section 4.5.2 - the recovery of GAGs from a complex simulated 
system.  
o The recovery of GAGs from actual seafood waste and chitin from cider 
yeast wastes is described in section 4.6 and the development of a  
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methodology for the recovery of used IL(s) for recycle is described in 
Section 4.7. 
 
Analysis of recovered components from the extraction processes are compared with 
pure reference compounds and verified using the analytical techniques described in 
Chapter 3. 
 
4.5.1 Simple Simulated Systems 
 
The extraction of key value components: GAGs from seafood wastes, and chitin from 
cider yeast waste is investigated in the simple simulated systems described in this 
section.   
  
4.5.1.1 Model Seafood Waste Components 
 
The key value components in scallop gut seafood waste are chondroitin sulfate (CS) 
and hyaluronic acid (HA), and these represent the primary glycosaminoglycans 
(GAGs) in scallop guts.  The extractions studies include: (i) the key value component 
(CS) from a single simulated dry waste system and; (ii) the extraction of two key 
value components (CS & HA) from a simple simulated wet waste system. 
 
The industry-stated approximate percentage composition of scallop gut wastes, as 
provided by Glycomar, UK, is indicated in Table 4.23. 
 
The content of simulated scallop gut waste (Figure 4.3) is intended as a model of the 
composition of the information contained in Table 4.23. 
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Table 4.23 Approximate wet weight compositions of scallop gut waste 
 
Component of scallop gut 
waste 
 
Percentage composition (%) 
Glycosaminoglycans 0.1-0.4 
Amino acids 10 
Carbohydrates 0.2 
Water 88 
Fats 0.2 
Fatty Acids 1 
Organic acids 0.2 
Total 100 
  
 
 
 
 
 
 
 
 
 
 
Figure 4.3 Simple simulated scallop gut waste components 
 
From the solubility data recorded earlier in this chapter the following ILs were 
identified as suitable for the extraction of GAGs. 
 
 HBetNTf2 dissolved the amino acids, carbohydrates and organic acids, while 
other components remain insoluble 
GAG 
Chondrotin 
Sulfate 
Amino Acid 
Phenylalanine 
 
Fatty Acid 
Oleic acid 
 
 Simple simulated 
scallop gut waste 
Organic 
Acids 
Malic acid 
Lactic acid 
 
 
Carbohydrates 
Glucosamine sulfate 
Fats 
Omega-3 
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 HBetNTf2 shows consistent solubility capabilities in a wet system at room 
temperature and 80ºC, dissolving the amino acids, carbohydrates, organic 
acids and oleic acid, leaving the GAGs insoluble for recovery. 
 
Key value component extraction from a single simulated dry waste system 
 
A single extraction of CS, in the simulated dry system, was carried out using the IL, 
HBetNTf2. Each component (50mg), shown in Figure 4.3 was mixed with HBetNTf2 
(1g), and heated at 80°C for 20mins.  This mixture, after heating was brown in colour 
and was vacuum-filtered through a filter paper with pore size 5.0µm, to collect the 
un-dissolved precipitate (CS, oleic acid and omega-3 fat). From the solubility results 
for scallop gut components in organic solvents (Table 4.8) oleic acid and omega-3 
are soluble in methanol. Therefore, methanol was used as a washing solvent to 
remove these components and to recover CS as a solid, off-white residue.  The 
extraction process is illustrated in Figure 4.4. 
 
 
                                                                                                                               
Figure 4.4 Extraction of chondroitin sulfate from a simple simulated mixture 
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The results show that chondroitin sulfate (CS) is extracted from a simple simulated 
dry scallop gut waste system as an off-white powder with a 43% yield after washing 
the extractant residue with methanol and drying the final product under vacuum. The 
FTIR spectrum of extracted CS was found to be in excellent agreement with that of 
pure reference CS (Figure 4.5), with the peak at 3460cm-1 attributed to both N-H and 
O-H symmetric stretch vibration and a minor peak at 2927cm-1 corresponding to a –
CH2 asymmetric stretch. A carbonyl functional group peak is evident at 1639cm-1, 
also characteristic of the amide bond, N-H functional group. Characteristic 
deformation double peaks are identified for –CH2 and -CH3 bond vibration at 
1419cm-1 and 1385cm-1 respectively. The SO4 stretching vibration, characteristic of 
sulfated GAGs, is shown at 1261cm-1 while the C-O vibration shows a peak at 
1130cm-1.  
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Figure 4.5 FTIR analysis of recovered and reference CS 
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The extraction of two key value components (CS and HA) from a simple simulated 
wet waste system   
 
Single, separate extraction trials of the two key value components (CS and HA) were 
carried out using simulated wet wastes containing up to 88% water. For successful 
recovery of the key value components (CS and HA) from real wastes, it will be 
necessary to recover them from wet systems, without incurring energy costs in a 
drying process. 
 
Based on the solubility data of CS and HA in an HBetNTf2-H2O mixture at room 
temperature and 80°C (Table 4.12), an extraction temperature of 30°C was chosen 
for the tests -  there is no noticeable change in the solubility of the components with 
increasing temperature.  
 
Two separate extraction trials were carried out on the following systems to determine 
whether chondroitin sulfate alone and hyaluronic acid alone can be recovered by an 
ionic liquid methodology.  These systems were: (i) chondroitin sulfate (CS) with 2g of 
the simulated mixture and (ii) hyaluronic acid (HA) with 2g of a simulated mixture 
(Figure 4.3), each separately mixed with HBetNTf2 (4g) and water (18ml, 88%) for 20 
minutes at 30°C. The mixtures were vacuum-filtered separately to recover un-
dissolved residue. The residue from system (i) containing CS and omega-3 fat was 
washed with methanol, which dissolved the omega-3 fat, allowing the CS to be 
selectively recovered. Similarly the residue from system (ii) containing HA and 
omega-3 fat was washed with methanol so that HA was recovered.  
 
CS and HA were extracted as off-white powders in yields of 82.3% and 93.4% 
respectively, following treatment with HBetNTf2:H2O and washing the insoluble 
residue with methanol. The FTIR spectrum for each extracted sample is a close 
match to the corresponding pure reference samples for CS and HA (Figures 4.6 and 
4.7 respectively). In the HA FTIR spectra, the peak at 3417cm-1 can be attributed to 
O-H and N-H symmetric stretch vibration while the bond vibration at 2920cm-1 and 
2850cm-1 correspond to asymmetric -CH2 and symmetric -CH2 respectively and 
those at 1635cm-1 and 1621cm-1 correspond to the C=O stretch vibration and -NH  
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bond vibration respectively.  Deformation vibration peaks identified at 1419cm-1 and 
1381cm-1 can be attributed to –CH2 and –CH3 bonds and C-O stretch vibration 
shows at 1153cm-1.    
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Figure 4.6 FTIR spectrum comparisons of recovered CS and reference CS 
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Figure 4.7 FTIR spectrum comparisons for recovered HA and reference HA 
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The simultaneous recovery of CS and HA from a simulated complex waste system is 
described in Section 4.5.2. 
 
4.5.1.2 Model Beverage Waste Components 
 
Trials on the recovery of chitin from a simple dry simulated beverage yeast waste 
system are described in this section. Solubility data in Table 4.19-4.22, suggest that 
the following ILs, PMIMBr, BMIMCl or [DMAPA][FA] are potential solvents for chitin 
recovery. The percentage composition of cider yeast waste is listed in Table 4.24. 
 
 
Table 4.24 Simulated cider yeast waste percentage composition 
 
Component of cider yeast 
waste 
 
Percentage composition (%) 
Chitin 1-4 
Fat 5 
Protein 60 
Polyphenols 1 
Carbohydrate (β-glucan) 35 
Total 100 
 
 
The simulated dry mixture used to simulate dry cider yeast waste was designed to 
model the compositions listed in Table 4.24 and contained chitin, collagen, quercetin 
and β-glucan (50mg of each).  The simulated mixture was mixed with the chosen IL, 
PMIMBr (5g) and heated for 30minutes at 160°C in an oil bath, after which the 
mixture was filtered and the residue washed with methanol to remove traces of ILs, 
fats and polyphenols. The ATR-FTIR of the recovered samples was compared with 
reference chitin from a crab shell source.  
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The recovered sample was a dark brown solid; the FTIR spectrum (Figure 4.8) of 
which closely matches that of a reference chitin from crab shell sources. The 
vibration peak at 3450cm-1 in the recovered sample corresponds to –OH hydrogen 
bond and -CH2, -CH3 bond vibration at 2959cm-1 and 2880 cm-1 respectively. The 
reference chitin, however shows additional peaks at 3260 cm-1 corresponding to 
C=O···NH bond. A characteristic C=O peak is shown in the recovered sample at 
1628 cm-1, while the reference chitin shows a double peak at this region. An intense 
peak at 1085 cm-1 corresponds to C-O bond vibration. The spectrum in the region 
between 1500 cm-1 and 1200 cm-1 of the recovered sample do not show definite 
vibration peaks and an additional peak is identified at 850 cm-1, indicating the 
presence of a C-H bond vibration. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8 FTIR spectrums of recovered chitin and reference chitin 
 
4.5.2 Complex Simulated Systems 
 
Following the recovery of key value components separately from simple simulated 
seafood and cider yeast waste systems, described in the previous section, the 
recovery trials were extended to the simultaneous recovery of CS and HA from a  
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more complex simulated wet scallop gut mixture, with the composition listed in Table 
4.25 for scallop gut mixtures. 
 
The simultaneous extraction of CS and HA from a wet simulated scallop gut waste 
complex system, using HBetNTf2, was carried out on the simulated mix (2.4g) of 
components shown in Table 4.25 and water (17.6ml) (equivalent to 88 wt %) in 
HBetNTf2 (8g), with stirring of the mixture for 20minutes at 30°C, as illustrated in the 
schematic, Figure 4.9. The heated mixture was vacuum-filtered, washed with 
methanol to dissolve any non-GAG components and traces of ionic liquid to yield a 
light brown solid powder, which was characterised using FTIR (Figure 4.10). 
 
 
Table 4.25 Composition of complex simulated scallop gut mixture 
Composition  
of Scallop gut 
waste 
 
Components 
Percentage 
composition 
(wt %) 
 
Weight in 
grams 
Glycosaminoglycans Chondroitin sulfate 
0.4 0.08 
Hyaluronic acid 
Carbohydrates Glucosamine sulfate 0.2 0.04 
Amino acids Alanine 
10 2 
Phenylalanine 
Lysine 
Glycine 
Fatty acids Palmitic acid 
1 0.2 
Oleic acid 
Organic acids Lactic acid 
0.2 0.04 
Malic acid 
Fats Omega-3 0.2 0.04 
Water 88 17.6 
Total 100 20 
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Figure 4.9 Schematic of GAG extraction from complex simulated mixed scallop gut wastes 
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The CS and HA product recovered by the IL methodology yielded a CS: HA product 
in 94% yields. The FTIR spectrum of the product in Figure 4.10 shows excellent 
correlation with pure reference samples of a CS/HA mix, with the peak at 3412cm-1 
corresponding to both N-H and O-H bond vibration and the asymmetric and 
symmetric –CH2 vibration at 2918cm-1 and 2850cm-1 respectively.  
 
 
 
 
Figure 4.10 FTIR spectrum comparing reference spectrum of CS/HA and extracted 
CS/HA 
 
 
A -C=O characteristic stretch vibration is evident at 1641cm-`1 and -CH2 and -CH3 
bending vibrations at 1427cm-1 and 1375cm-1 respectively. The peaks at 1260cm-1 
correspond to the SO4 bond vibration. Its low intensity can be attributed to the 
absence of a sulphate group in HA, which is however present in CS. The C-O bond 
vibration is represented at 1159cm-1. 
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4.6 Extraction of Key Value Components from Real Food Waste 
Systems 
 
Following the selective extractions from both the simple and complex simulated 
waste systems, the trial was extended to the recovery of key value components from 
real waste systems. 
 
4.6.1 Extraction of Key Value Components from Seafood wastes  
 
King and queen scallop gut wastes were pre-treated with an alcalase enzyme to 
break down the protein contents into simple amino acids and the following steps 
used to recover the GAGs: 
 
Pre-treatment digestion procedure - Queen Scallop gut (approx. 1030g) was 
placed in a 2L flask containing 500ml of 0.5M NaCl and 15ml of alcalase enzyme. 
The contents were mixed thoroughly to increase the concentration of dissolved 
GAGs.  For king scallop gut (860g) treatment - 8.6ml of alcalase enzyme was used. 
The mixtures at pH 7 were placed in a pre-heated oven set at 60°C, and stirred 
continuously for approximately 2hours.  The digested scallop guts at pH 7 were 
removed and cooled in a refrigerator overnight.  A 150µm bag was used in the 
filtration of the digests, after which they were spun at 4600rpm for 45minutes to 
remove un-dissolved materials. The supernatant liquids from both scallop gut digests 
were transferred into bottles, which were stored at -20ºC.   
  
Recovery of GAGs from the digested wastes - Digested wet scallop gut wastes 
(35g) were mixed with HBetNTf2 (15g) in a 100ml conical flask and heated on a hot 
plate for 20minutes at 30°C. The mixture was vacuum-filtered, using a Whatman 
filter paper with 7µm pore size, to recover the insoluble GAGs and other insoluble 
components. The non-GAG IL-insoluble materials and any residual ILs in the 
recovered products were removed by dissolving them in methanol to leave the 
insoluble GAG product.  
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Characterisation of the recovered GAGs - The recovered GAGs were 
characterised by FTIR spectroscopy, by comparison with a chondroitin sulfate and 
hyaluronic acid mix and by TG-DSC thermal analysis for water and other volatile 
material content by heating the recovered product in an alumina crucible under a N2 
atmosphere at 10°C/min to 900°C.   The TG-DSC data of the recovered products 
were compared with those for a mixture of pure CS and pure HA. 
              
The mixture of GAGs recovered from real scallop gut wastes were obtained, in 22.6-
90.4% yield (based on 0.1-0.4% GAG content in the waste), as a dark brown powder 
(Figure 4.11).  The FTIR spectra (Figure 4.12) of the recovered products show 
peaks, characteristic of pure reference mixture of CS and HA, and the TG-DSC and 
DTG analyses of the recovered GAGs (Figures 4.13 and 4.14) also show a good 
match with a reference CS and HA mixture. 
 
 
 
 
Figure 4.11 Recovered GAG from Queen Scallop gut waste 
 
Two endothermic peaks in the DTG trace are observed. The first endothermic peak 
at 90°C corresponds to loss of moisture with the onset of a 1.28% weight loss at 
46.6°C. The onset decomposition temperature for both CS and HA occurs at 250°C, 
with maximum weight loss (50.3%) for both components occurring at 350°C and 
these features are found in the thermal analysis traces of the recovered material. 
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Figure 4.12 FTIR of extracted GAGs (CS/HA) with reference CS/HA 
 
The analytical data confirm the successful extraction of the GAG mixture from real 
scallop gut wastes. 
  
4.6.1.1  Optimisation of GAG recovery from real scallop gut wastes 
 
The results from section 4.6.1 show that GAGs can be successfully recovered from 
real scallop gut wastes and the purpose of the research described in this section is 
to develop a methodology to optimise the yield of the recovered key value 
components. The following optimisation factors were studied in this work: 
 
(i) The use of sodium trimetaphosphate (STMP) complexing agents as yield 
improvers  
(ii) The use of an alternative filtration technique  
(iii) The effect of pH changes on the yield 
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Figure 4.13 TG-DSC and DTG of reference CS/HA 
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Figure 4.14 TG-DSC and DTG of recovered CS/HA from digested scallop wastes     
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The results of the optimisation process are expressed in terms of mass balance 
calculations as a guide to potential scale-up processes. 
 
(i) Use of Sodium trimetaphosphate complexing agents 
 
Since glycosaminoglycans can be partially soluble in water under certain conditions, 
some of the recovered materials could be lost during the washing and filtering 
processes. The cross-linking agent, sodium trimetaphosphate (STMP) is investigated 
to test its ability to reduce the affinity of the GAGs for water and therefore improve 
their recovery yields [183, 184].  STMP functions by reducing the amount of hydroxyl 
groups on the GAG chain linking the polysaccharide together, thereby reducing their 
reaction with water (Figure 4.15) [184]. 
 
 
Figure 4.15 Reaction between STMP and GAG to reduce available hydroxyl reacting 
groups 
 
 
The methodology used to test the effects of the crosslinking agent in this research 
involved the addition of chondroitin sulfate (1g) to distilled water (20g) adjusting the 
pH to 12 with the addition of 2M NaOH. The mixture was stirred continuously for 2 
hours, followed by the addition of STMP (0.3g), prior to readjusting the pH to 12. 
Further stirring for 2 hours precipitated the [chondroitin sulfate – STMP] complex 
from the mixture, which was recovered by decantation and filtration to give a product 
that was dried in a rotary evaporator. The complex mixture from the evaporator was 
added to water (10ml) and stirred for 1hour at 80°C to separate out the STMP 
complexing agent, which was filtered off to give a filtrate from which the CS was 
recovered by rotary evaporation. 
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The recovered CS was dried and characterized by ATR-FTIR analysis.  The 
spectrum of the recovered product is compared with pure reference chondroitin 
sulfate in Figure 4.16 and shown to be in good agreement. 
 
An increase in the recovery of CS from the simulated system described was 
achieved using the STMP complexing agent, which is thus shown to be effective in 
reducing the solubility of GAGs in water indicating the potential of the cross-linking 
agent as a yield improver in the scale-up of the GAG recovery process. 
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Figure 4.16 FTIR of reference CS and recovered CS 
 
 
(ii) Use of an Alternative Filtration Technique using PVDF filter paper 
 
In the initial studies of recovery of GAGs from scallop gut wastes, the filtration 
process used a filter paper with 7µm pore size, and the filtration through this paper 
was slow.  For this reason, an alternative filtration method was studied which is 
dependent on the solubility of the paper in organic solvents.  The solubilities of three 
types of filter paper in a range of solvents typically used in extraction and washing  
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processes were tested at room temperature, and the results are shown in Table 
4.26. 
 
 
Table 4.26 Solubility of filter papers in organic solvents 
 
 
Ethyl 
acetate 
 
Methanol 
 
Ethanol 
 
Acetone 
 
Chloroform 
 
 
Water 
 
Cellulose Nitrate 
membrane filter 
Soluble Soluble Soluble Soluble Insoluble Insoluble 
Normal Filter 
paper 
Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble 
Polyvinylidene 
difluoride (PVDF) 
membrane filter 
paper 
 
Insoluble 
 
Insoluble 
 
Insoluble 
 
Insoluble 
 
Insoluble 
 
Insoluble 
(SLOW) 
 
 
Based on the results in Table 4.26, the hydrophilic PVDF membrane filter paper, with 
0.45µm pore size and 25mm diameter, purchased from Millipore® is a better 
alternative than the filter paper used in the initial separation because it provides a 
high flow rate and binds less to the substrate. The cellulose nitrate filter paper 
considered dissolves in most of the organic solvents tested and is not a suitable 
option. 
 
The results of the experiments carried out to compare the effect of the use of PVDF 
filter paper with normal filter paper used in this work for CS recovery are shown in 
Figure 4.17.  
 
 
 
 
Chapter 4  Feyisetan Oluremi Thompson 
 
~ 160 ~ 
 
 
 
 
 
 
 
Figure 4.17 Control systems for the recovery of CS using PVDF filters 
 
The use of PVDF filter paper is shown to increase the CS yield by approx. 57% 
compared to the filter paper used in the first trial.  
 
(iii) pH variation - effect on CS recovery 
 
The effect of pH on GAG yield was tested in two systems (Figure 4.18); (1) CS, an 
organic acid and an amino acid dissolved in water in the absence of the IL, 
HBetNTf2, and (2) CS, organic acid and amino acid mixed with equal amounts of 
water and HBetNTf2. An equal quantity of IM HCl was added to each system, and the 
quantity of CS precipitated out, determined by filtering off the GAG, washing the solid 
recovered with methanol, and drying and weighing the solid material.  
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Figure 4.18 pH effect of CS recovery 
 
The results in Figure 4.18 suggest that the presence of the IL, HBetNTf2, is 
necessary to obtain a precipitate of a GAG from an aqueous solution but that 
changes in pH do not influence the precipitation of GAGs.  
 
4.6.1.2 Effect of Complexity of Sea Food Waste on GAG Recovery 
 
To determine whether the complexity of real food waste inhibits the recovery of 
GAGs from seafood wastes, experiments were carried out on the treatment of pre-
digested queen and king scallop gut wastes, spiked with chondroitin sulfate, with the 
ionic liquid, HBetNTf2.  Figure 4.20 shows the mass balance data for the treatment of 
22g of pre-digested queen scallop gut, spiked with 1g of chondroitin sulfate, treated 
with 18g of HBetNTf2 to obtain a GAG residue in good yield that is subsequently  
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washed with 175ml of methanol followed by 100ml of water followed by a further 
100ml of methanol.   
 
The FTIR spectrum of the recovered GAG is compared with that of a pure reference 
chondroitin sulfate sample (Figure 4.19) and shows a good match between the 
reference and the recovered chondroitin sulfate.  These results therefore show that 
the complexity of the scallop gut wastes does not have an effect on the nature of the 
GAGs obtained by the ionic liquid recovery process used in this work. 
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Figure 4.19 ATR-FTIR of recovered GAG from mass balance analysis
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Figure 4.20 Process mass balance for recovery of GAG from scallop gut residue 
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4.6.1.3 Testing the Possible Degradation of GAGs During the IL Recovery 
Process 
 
To confirm that the recovered spiked GAGs have not been degraded in the 
extraction process, the recovered materials were subjected to the following analyses:  
 
- Determination of sulfate and uronic acid contents  
- Inhibition of enzyme elastase analysis using human neutrophile elastase 
(HNE) assay [185]  
 
The results of these analyses are presented in Tables 4.27. 
 
Sulfate and Uronic Acid Contents – The sulfate and uronic acid contents of the 
recovered Queen and King scallop gut wastes are in Table 4.27 and the data 
indicate that all samples contain both sulfate and uronic acid as would be expected, 
because of the known components of GAGs such as:  
 
 Chondroitin sulphate = D-glucuronic acid + GalNAc-4 or 6-sulphate 
 Dermatan sulphate = L-iduronic + GalNAC-4-sulphate 
 Hyaluronic acid = D-glucuronic acid + GlcNAc 
 Heparin or Heparan sulphate = iduronic -2-sulphate (or D-glucuronic- 2-
sulphate) + N-sulfo-D-glucosamine-6-sulphate; 
 
Inhibition of Elastase Enzyme Analysis – The data for inhibition of elastase 
enzyme analysis expressed as elastase (%) and activity cytotox (%) are in Table 
4.27.  The enzyme inhibition potential analysis of the GAGs in recovered samples 
from queen scallop gut waste has a high value similar to reference chondroitin 
sulfate and heparin, whilst the recovered sample from the king scallop gut waste 
shows a slightly lower inhibition level.  The data, however, do not indicate that any 
substantial degradation of the GAGs has occurred during the extraction process. 
 
 
Chapter 4  Feyisetan Oluremi Thompson 
 
~ 165 ~ 
 
 
Table 4.27 Identification of GAG-like characteristics in recovered samples 
Samples Elastase 
(%) 
Activity cytotox 
(%) 
Sulfate Uronic acid 
(mg/ml) 
Reference Heparin 30 90 Detected 
>10% 
0.5 
Reference Chondroitin 
sulfate 
30 n/a Detected 
>10% 
0.5 
Recovered sample from 
Queen scallop waste 
29 92 Detected 
>10% 
0.83 
Recovered sample from 
King scallop waste 
21 102 Detected 
>10% 
0.73 
 
 
4.6.1.4 Monosaccharide Analysis of GAG Samples Recovered from Scallop Gut 
Wastes 
 
To further characterise the GAGs recovered from un-spiked queen scallop gut 
wastes, the materials recovered were subjected to monosaccharide analysis to 
identify the component fractions of the GAGs.   The results for the monosaccharide 
analyses of the recovered samples from un-spiked queen scallop gut wastes are in 
Table 4.28.  The result shows that the recovered samples are composed mainly of 
glucose and galactose, with a higher concentration of glucose. There is also a high 
concentration of N-acetylgalactosamine (GalNAc), which is a major component of 
chondroitin sulfate and dermatan sulfate. It can be concluded that the extracted 
material from the scallop gut waste is consistent with the recovery of GAGs. 
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Table 4.28 Monosaccharide composition of recovered GAG from un-spiked 
scallop gut wastes 
 
Monosaccharide 
Standards 
 
Recovered sample from 
Queen scallop waste (wt %) 
Arabinose 0 
Rhamnose 3.2 
Fucose 0 
Xylose 2.2 
(GalA) 0 
Mannose 0 
Galactose 4.2 
Glucose 74.4 
(GluA) 0 
(GalNAc) 11.2 
 
 
4.6.1.5 Recovery of GAGs using ionic liquid methodology 
 
A novel process for the recovery of the GAG mixture (CS & HA) from scallop gut 
waste has been developed. The process involves the treatment of wet scallop gut 
waste with the ionic liquid, HBetNTf2 at 30oC to separate the insoluble GAG (CS & 
HA) mixture from the other components of the waste, which are soluble (Figure 
4.21). The important aspects of this process from the point of view of economic 
viability are (i) it is a low-temperature process (ii) the extraction of the unwanted 
components of the waste occurs quickly (iii) the product GAGs washed with 
methanol and water are recovered in good yield and (iv) the ionic liquid and the 
methanol used in the process can be recovered for recycle and reuse. 
 
The results of the study of the recovery of GAGs from scallop gut wastes show that 
ionic liquid methodologies can be used to recover these valuable components of the 
wastes using ionic liquids as low-temperature stable solvents. 
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Figure 4.21 Novel process for GAGs recovery from scallop gut waste 
 
4.6.2 Extraction of KVC from Cider Yeast Waste 
 
This section describes the extraction of key value components from real cider yeast 
waste.  The components of interest are chitin and polyphenols both of which are said 
to be present at about the 1% level in the total dry yeast waste. Other components 
present in the waste yeast include: proteins (50-60%), Fat (5%) and carbohydrates in 
the form of β-glucan (30-40%) [60]. 
 
The extraction trials were carried out in three stages:  
 
 Breakdown of complex polysaccharide components of the yeast waste using 
specific enzymes; 
 Use of ionic liquid to dissolve unwanted components into the IL layer, leaving 
the material of interest recovered as a residue; and 
 Recovery of polyphenols using organic solvents. 
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The enzymes used in this research are listed in Table 4.29. ATR-FTIR spectroscopy 
was used in the initial characterisation of the recovered materials and in a separate 
study to determine whether the IL solvent could be recovered for reuse in the 
extraction processes.   
 
4.6.2.1 Extraction of chitin-related materials 
 
The recovery of chitin-related materials from real cider yeast waste is described in 
this section. The methodology for extraction involves the use of enzymes in four 
extraction trials (Trials 1-4) with Trial 4 involving the use of all three enzymes and 
extended to two further trials 5 and 6 involving the use of enzymes and ILs, The 
conditions used in these trials are listed in Table 4.30 and schematic diagrams of the 
processes used to extract chitin related materials from cider yeast waste are shown 
in Figure 4.22 and 4.23. 
 
The methodology used in the study of chitin recovery involved the use of enzyme 
pre-treatment prior to dissolving unwanted materials in ionic liquids.  The role of 
enzymes in the extraction process was essential to break down the cider 
components into smaller units, to facilitate extraction and reduce the IL process 
reaction time. In this research, (i) the proteins were broken down to amino acids 
using the enzyme Alcalase®, (ii)  carbohydrates, in the form of β-glucan were broken 
down to glucose using the enzyme, β-glucanase, and (iii) the enzyme, amylase, was 
used to break down glycogen to glucose. The use of enzymes in the extraction 
process was optimized for complete breakdown of components by varying the 
quantity of enzymes and the conditions of the reactions.  
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Table 4.29 Enzymes used in chitin extraction 
 
Enzymes 
 
Source 
 
Supplier 
Alcalase® 2.5 L Bacteria- Subtilism Novozymes 
 
β-Glucanase Trichoderma 
longibrachiatum 
Sigma Aldrich 
α-amylase 
Ban® 480L: Alpha-amylase 
Ceremix 2X L: Neutral 
protease/(endo-1,3(4)-)beta-
glucanase/ alpha-amylase 
Bacillus 
amyloliquefaciens 
Novozyme® 
 
 
The vacuum filtered and dried samples from each process step were separately 
analysed by ATR-FTIR and interpretation of the data was carried out using the 
KnowItAll® Informatics system 9.0software.  Figures 4.24 – 4.31 show a comparison 
of the ATR-FTIR spectra for recovered samples from Trials 1-6 with a reference α-
chitin, while Figure 4.32 shows a comparison of the ATR-FTIR spectra of the 
recovered samples from the six trials. 
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Table 4.30 Conditions for trial recovery of chitin from cider yeast waste 
Extraction 
process 
IL 
trialled 
Enzyme 
treatment 
Extraction 
solvent 
Recovery methodology 
Analysis 
 
Trial 1 N/A 
Alcalase(1ml) 
β-glucanase(0.5g) 
Methanol 
(150ml) 
Water 
(150ml) 
 Centrifuged yeast waste was ground and mixed 
with water (30ml) and alcalase (1ml) and the pH 
adjusted to 7.5-8.5. The mixture was oven heated 
at 50 ºC for 5hours with occasional stirring and 
later centrifuged. 
 Alcalase digested yeast pellet was ground, mixed 
with water (30ml) and β-glucanase (0.5g). The pH 
was adjusted to 5 using dilute HCl and the mixture 
oven heated at 40 ºC for 5hours with occasional 
stirring. 
 The digested yeast was centrifuged and the pellet 
washed with methanol and water 
 0.33g of chitin was recovered 
ATR-FTIR Trial 1 
Trial 2 N/A 
Alcalase(2ml) 
β-glucanase(0.5g) 
Methanol 
(150ml) 
Water 
(150ml) 
 Optimisation of process Trial 1 using alcalase 
(2ml) for 24hours and β-glucanase (0.5g) for 
24hours. 
 ATR- FTIR Trial 2 
analysis 
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Table 4.30 Conditions for trial recovery of chitin from cider yeast waste (Continued) 
 
Extraction 
processes 
 
IL 
trialled 
 
Enzyme 
treatment 
 
Extraction 
solvent 
 
Recovery methodology 
 
Analysis 
 
Trial 3 N/A 
Alcalase(2ml) 
β-glucanase(0.5g) 
Methanol 
 Optimisation of process Trial 2 by reversing the 
enzyme treatment process. Treatment with β-
glucanase (0.5g) for 24hours followed by alcalase 
(2ml) treatment for 24hours 
ATR-FTIR Trial 3  
 
Trial 4 N/A 
Alcalase (2ml) 
β-glucanase(0.5g) 
Amylase (1ml) 
 
Methanol 
 
 Centrifuged yeast waste was ground and mixed 
with water (60ml) and alcalase (2ml) and the pH 
adjusted to 7.5-8.5. The mixture was heated at 
50ºC for 24 hours while stirring, followed by 
centrifuging. 
 Alcalase digested yeast pellet was ground, mixed 
with water (60ml) and β-glucanase (0.5g). The pH 
was adjusted to 5 using dilute HCl and the mixture 
heated at 40ºC for 24hours. 
 The β-glucanase digested yeast was centrifuged, 
the pellet ground, mixed with water (35ml) and 
heated at 60ºC for 1hour after which amylase (1ml) 
was added. The mixture was heated at 60ºC for 48 
hours with continuous stirring at pH 5.0-7.0. 
 The digested yeast was centrifuged and the pellet 
washed with methanol. 1.78g of sample recovered 
 
 
 
 
 
 
ATR-FTIR Trial 4  
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Table 4.30 Conditions for trial recovery of chitin from cider yeast (Continued) 
Extraction 
processes 
IL 
trialled 
Enzyme 
treatment 
Extraction 
solvent 
Recovery methodology 
Analysis 
 
Trial 5 BMIMCl 
Alcalase (2ml) 
β-glucanase(0.5g) 
Amylase (1ml) 
 
Methanol 
 
 Recovery process in Trial 4 is repeated 
 The recovered component was then treated 
with IL BMIMCl (16g) at 160 ºC for 1hour. 
 The mixture was vacuum filtered using a PVDF 
membrane filter, and washed with methanol.  
ATR-FTIR and  
13C-NMR Trial 5 
 
 
Trial 6 BMIMCl Alcalase Methanol 
 Pellet of centrifuged yeast waste was ground, 
mixed with water (60ml) and alcalase (2ml), pH 
8.1. The mixture was heated at 50 ºC for 24 
hours while stirring, after which it was 
centrifuged at 5000rpm for 20mins. 
 Alcalase digested yeast pellet was ground and 
mixed with BMIMCl at 160 ºC for 1hour. 
 The mixture was vacuum  filtered using  PVDF 
membrane filters, and washed  with methanol 
 
ATR-FTIR and 
13C-NMR Trial 6  
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Figure 4.22 Chitin-glucan extractions from wet cider yeast waste using enzymes (Trial 4)  
Glu = Glucose 
PP = Polyphenols 
AA = Amino Acids 
Pr = Protein 
MeOH = Methanol 
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Figure 4.23 Chitin-glucan extractions from cider yeast waste using alcalase and BMIMCl (Trial 6) 
 
SU = Sugars 
PP = Polyphenols 
AA = Amino Acids 
MeOH = Methanol 
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Figure 4.24  FTIR of Recovered samples from Trials 1-3 
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Figure 4.25  FTIR of Recovered sample (Trial 1) and reference α-chitin 
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Figure 4.26  FTIR of recovered sample (Trial 2) and reference α-chitin 
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Figure 4.27  FTIR of recovered sample (Trial 3) and reference α-chitin 
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The spectra of the recovered materials from Trials 1-3 suggest that the same 
material has been recovered in each trial and there is a close, but not perfect, match 
between the positions of the peaks in the recovered materials and an α-chitin sample 
derived from crab shells (Figures 4.25–4.27). The FTIR analysis of reference chitin 
shows an –OH symmetric vibration at 3436cm-1 due to an intramolecular H-bonding 
of OH···O, while the peaks at 3261 cm-1 and 3098 cm-1 corresponds to an -NH group 
due to an amide intermolecular H-bond interaction with the carbonyl group C=O···H-
N and intramoleuclar H-bond interaction to hydrogen respectively. Peaks due to 
symmetric and asymmetric –CH2 and -CH3 vibrations are identified at 2928.7cm-1 
and 2880 cm-1 respectively.  A characteristic double peak, typical of α-chitin, is 
identified between wavenumbers 1650 and1620cm-1 in the spectrum of reference 
chitin. This is due to the intermolecular H-bonding between the carbonyl group (-
C=O) and the amide, resulting in the peak at 1650cm-1, while  the peak at 1620cm-1  
represents the H-bond  between –CH2OH and the –C=O group of the anomeric 
carbon.  The recovered samples from Trials 1-3, however, do not show this  double 
peak but instead have a single amide- C=O peak at 1634cm-1, due to the 
intermolecular H-bond between the carbonyl group and the amide [186-188].  
Assignment of the peaks in the recovered samples for Trials 1-3 is listed in Table 
4.31. 
 
Results - Optimisation of chitin extraction 
 
Further optimisation of chitin extraction processes, combining the use of enzymes 
and ILs, is summarised in the data for Trials 4-6 in Table 4.30, and the ATR-FTIR 
spectra are in Figure 4.28. Individual spectra are further compared with reference α-
chitin spectrum in Figures 4.29 – 4.31. 
 
Extraction trial 4 involved the use of amylase enzyme to digest glycogen to glucose, 
while in extraction Trials 5 and 6; the IL BMIMCl was used to solubilise components 
not completely digested by enzymes, at 160°C, leaving chitin insoluble for recovery.  
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Table 4.31 Peak assignment for recovered samples Trials 1-3 
Recovered 
sample  
Trial 1 (cm-1) 
Peak assignment Recovered 
sample  
Trial 2 (cm-1) 
Peak assignment Recovered sample  
Trial 3 (cm-1) 
Peak 
assignment 
3315.0 -OH,-NH 
Hydrogen bond 
3310.6 -OH,-NH 
Hydrogen bond 
3308 -OH,-NH 
Hydrogen bond 
2928.1 -CH2 asymmetric 2923.1 -CH2 asymmetric 2965.2 -CH3 asymmetric 
1635.5 C=O···N-H 
(amide I) 
2872.9 -CH3 asymmetric 2922.3 -CH2 asymmetric 
1536.4 C-N-H 1628.2 C=O···N-H 
(amide I) 
2855.6 -CH2 symmetric 
1446.8 CH2 bend 1518.8 N-H amide II 1644.8 C=O···N-H 
1371.3 C-H, C-CH3 def. 1441.3 CH2 bend 1520.8 N-H amide II 
1310.0 C-N···HN amide III 1372.9 C-H, C-CH3 1444.5 CH2 bend 
1287.5 C-N 1281.7 C-N 1377.8 C-H, C-CH3 
1248.6 C-N stretch 1240.7 C-N stretch 1287.5 C-N 
1035.5 C-O 1239.6 C-N stretch 
1107.1 C-O 890 C-H 1039 C-O 
1045.8 C-O 
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Figure 4.28 FTIR of recovered samples from Trials 4-6 
 
 
Figure 4.29 FTIR of reference α-chitin and recovered α-chitin from Trial 4 
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Figure 4.30 FTIR of reference α-chitin and recovered chitin from Trial 5 
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Figure 4.31 FTIR of reference α-chitin and recovered chitin from Trial 6 
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A comparison of the FTIR spectra (Figure 4.29 - 4.31) with reference α-chitin 
confirms the presence of bond vibrations also found in the reference material, 
however subtle differences are observed in the regions between 3400cm-1 and 
3250cm-1 and between 1650cm-1 and 1620cm-1.  Also, details of the spectra in the 
region 1200cm-1 and 1280cm-1, corresponding to the C-N bond vibration of the 
sample from the trials are not a perfect match and are similar to those from the 
samples from Trials 1-3, suggesting that the same product is recovered in each case 
and the digestion processes using only enzymes and using a combination of 
enzymes and ILs do not produce different recovered samples.  
 
A comparison of the recovered samples from all the trials (Figure 4.32) shows close 
similarities in the FTIR spectra. The recovered materials from Trials 5 and 6, at high 
temperature, show more defined FTIR vibration peaks with reference α-chitin, 
compared to the FTIR without the use of IL but still are not identical to α-chitin 
(Figures 4.30 and 4.31).  In order to further understand the peak differences found in 
the recovered samples at peaks between 3400cm-1 and 3250cm-1 and between 
1650cm-1 and 1620cm-1, analysis of the FTIR spectra from the recovered samples in 
Trials 5 and 6 were compared in Figure 4.34 and 4.35 with that of a commercial 
chitin-glucan complex   supplied by GlycoMar Ltd (VITIPURE Sensations). The FTIR 
spectra show good agreement with the chitin-glucan complex in the region between 
1650 and 1620cm-1, attributed to the amide-C=O peak, and in the region between 
3400cm-1 and 3200cm-1, attributed to -OH vibration.  The result therefore show that 
the recovered materials in Trials 5 and 6 is not α-chitin but a complex mixture of 
chitin and glucan since the spectra of recovered materials from Trials 1-4 are very 
similar to those from Trials 5 and 6. It is therefore concluded that in all trials, the 
recovered material is chitin-glucan. The FTIR detailed peak assignments for each 
process are presented in Table 4.32. Further analysis to identify the presence of 
chitin in the recovered samples was carried out using solid state 13C-NMR to 
determine the content of the samples.   
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Figure 4.32 FTIR of recovered samples from Trials 1-6 
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Figure 4.33 FTIR comparison of Trial 5 and 6 with reference α-chitin 
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Figure 4.34 FTIR comparison of Trial 5 with reference chitin-glucan complex 
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Figure 4.35 FTIR comparison of Trial 6 with reference chitin-glucan complex 
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Table 4.32 Peak assignment for recovered samples Trial 4-6 
Recovered 
sample Trial 4  
(cm-1) 
 
Peak assignment 
Recovered 
sample Trial 5 
(cm-1) 
 
Peak assignment 
Recovered sample 
Trial 6  
(cm-1) 
 
Peak 
assignment 
3316 -OH, -NH 3312.4 -OH, -NH 3318.1 -OH, -NH 
2958.9 CH3  asymmetric 2957.9 CH3 asymmetric 2962.7 CH3 asymmetric 
2930.7 CH2 asymmetric 2926.5 CH2 asymmetric 2920.6 CH2 asymmetric 
2869.6 CH2 symmetric 2854.6 CH2 symmetric 2859.9 CH2 symmetric 
1648 C-O amide I 1642.8 C-O (amide I) 1644.1 C-O (amide I) 
1629.2 Amide I 1517.1 N-H(amide II) 1517.9 N-H(amide II) 
1521.1 N-H(amide II) 1445.3 CH2 1443.1 CH2 
1445.9 CH2 1373.5 -CH, C-C 1377.6 -CH, C-C 
1361.3 -CH, C-C 1288.2 C-N aromatic 1153.2 C-O-C 
1243.9 C-N 1153.6 C-O-C 1101.7 C-O 
1154.6 C-O-C 1041.4 C-O 1031.6 C-O 
1041.8 C-O 884.3 C-H 896 C-H 
891.5 C-H 821.5 C-H 822 C-H 
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Solid state 13C-NMR analysis of recovered materials 
 
To further characterise the recovered materials, analysis was carried out by solid 
state 13C-NMR, to understand the composition of recovered samples.  Figure 4.36 
shows a 13C-NMR spectrum overlap of reference chitin and recovered samples from 
Trials 5 and 6. 
 
 
 
Figure 4.36 Solid state 13C-NMR of reference chitin and recovered samples from 
Trials 5 and 6 
 
 
Reference 
chitin sample 
Recovered 
sample Trial 5 
Recovered 
sample Trial 6 
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Peaks attributed to reference chitin can be seen in the spectra of recovered 
materials but there are additional peaks in the recovered materials which cannot be 
attributed to α-chitin. A comparison of the solid state 13C-NMR analysis of reference 
chitin with recovered samples shows additional, less distinct peaks in the spectrum 
between 110-160ppm and 30-40ppm, of the recovered samples. Chitin-characteristic 
peaks are indicated by; the carbonyl peak (C=O) at 174ppm, the –CH3 peak between 
19-23ppm, the C1 peak at 104.9ppm, C6 at 62.6ppm, and a reduced C2 peak at 
52.1ppm. The doublet peak at 73.5ppm and 75.7ppm, corresponding to C3 and C5 
respectively, in the chitin spectrum, are observed as a single broad peak at 75.4ppm 
in sample from Trial 5 and 62.8ppm in recovered sample from Trial 6. 
 
The peaks in the recovered materials from Trials 5 and 6 were also compared with 
reference β-glucan (Figure 4.38). Peaks attributed to β-glucan are also identified in 
the recovered materials. Peak between 100ppm and 110ppm are attributed to C1, 
while the C4 peak is identified between 80ppm to 90ppm in β-glucan reference 
spectrum and at 81.4ppm in the recovered samples. C2 peak is identified at 58ppm 
in the recovered materials and β-glucan reference spectrum. The single peak 
observed at 75.4ppm in the recovered material from Trial 5 and at 62.8ppm in 
recovered material from Trial 6, corresponds to the single peak observed at 78ppm 
in the reference β-glucan spectrum. The C6 peak at about 70pm in the reference β-
glucan spectrum is observed at 64ppm in the spectrum of recovered materials from 
Trials 5 and 6.  
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Figure 4.37 Solid state 13C-NMR of reference β-glucan and reference chitin
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Figure 4.38 Solid state 13C-NMR of recovered materials from Trials 5 and 6 and reference β-glucan
C1 
C4 
C5, C3 
C6 
C2 
Reference β-glucan  
Recovered sample from 
Trial 5 and 6  
Chapter 4  Feyisetan Oluremi Thompson 
 
~ 189 ~ 
 
 
The analytical data from ATR-FTIR and from solid state 13C-NMR analysis of the 
recovered samples from cider yeast waste are consistent with the recovery of a 
mixture of a chitin-glucan complex having been recovered from cider yeast waste 
using a combined enzyme—IL process. 
 
4.6.3 Recovery of Polyphenols from cider yeast wastes   
 
The process used to extract polyphenols from cider yeast waste is shown in the 
schematic diagram Figure 4.39. The materials recovered as polyphenols were 
characterised by HPLC analysis, including those from supernatant samples 
recovered from the chitin extraction process.  The polyphenol standards used as 
references for comparison with the recovered materials are given in Table 4.33, 
along with their corresponding concentrations. 
 
Polyphenols present in cider yeast waste were recovered at different stages in the 
extraction process, into organic solvents. The solvent was removed by rotary 
evaporation to recover the polyphenols, and analysed by HPLC analysis.  The data 
in Table 4.34 are those for the polyphenol sample found in the supernatants.  
 
The recovery of polyphenols involved evaporating off the water present in the 
supernatants from the enzyme treatment and washing the residue with methanol. 
Figure 4.39 presents a detailed extraction process, including the amounts of 
polyphenols recovered at each stage. 
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Figure 4.39 Polyphenol extraction process 
Glu = Glucose 
PP = Polyphenols 
AA = Amino Acids 
Pr = Proteins 
MeOH = Methanol 
St = Starch 
Gly = Glycogen 
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Table 4.33 Polyphenol standards and retention times at A280nm 
 
Polyphenol standards 
 
Description 
 
Concentration 
(mg/ml) 
Standard A 1,2-dihydroxybenzene 5.0 
Standard B 3,4-dihydroxybenzoic acid 5.3 
Standard C Cinnamin acid 5.2 
Standard D Caffeic acid 5.5 
Standard E Gallic acid 4.8 
Standard F Hesperetin 5.1 
Standard G Morin hydrate 4.8 
Standard H Naringin 5.7 
Standard I Naringenin (+ -) 4.8 
Standard J Quercetin 5.5 
Standard K Rutin hydrate 5.3 
Standard L Coumaric acid 5.1 
Standard M Phloridzin dehydrate 5.1 
 
 
From the extraction process, approximately 2.7mg (dry weight) of polyphenols were 
recovered from 40.23g of as-received waste yeast (wet weight).  This equates to a 
very small percentage of polyphenol content in the cider yeast, much less than the 
expected value suggested by the suppliers of the yeast (Heineken, UK).  It therefore 
seems unlikely that cider yeast waste does contain quantities of polyphenol that 
would merit its use as a secondary source of these materials.  
 
 
 
 
Chapter 4  Feyisetan Oluremi Thompson 
 
~ 192 ~ 
 
 
Table 4.34 Polyphenol content of supernatant measured at A280nm 
 
Polyphenol content of supernatant PP1 
Polyphenol standard Concentration 
of standard 
Peak area of 
extracted 
polyphenol (% of 
standard peak) 
Polyphenol 
content 
(µg/ml) 
3,4-dihydroxylbenzoic acid 0.053 61.2 32.5 
Caffeic acid 0.055 2443.5 1344.0 
Morin hydrate 0.048 253.0 121.5 
Naringenin 0.048 23.3 11.2 
Total polyphenol content 1509 
 
Polyphenol content of supernatant PP2 
Polyphenol standard Concentration 
of standard 
Peak area of 
extracted 
polyphenol (% of 
standard peak) 
Polyphenol 
content 
(µg/ml) 
Caffeic acid 0.055 3.0 1.6 
Hesperetin 0.051 11.9 6.1 
Total polyphenol content 7.65 
 
 
 
Polyphenol content of supernatant PP3 
Polyphenol standard 
Concentration 
of standard 
Peak area of 
extracted 
polyphenol (% of 
standard peak) 
Polyphenol 
content 
(µg/ml) 
Hesperetin 0.051 8.3 4.24 
Total polyphenol content 4.24 
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Table 4.34 Polyphenol content of supernatant measured at A280nm (Cont.) 
 
Polyphenol content of supernatant AA 
Polyphenol 
standard 
Concentration of 
standard 
Peak area of extracted 
polyphenol (% of 
standard peak) 
Polyphenol 
content 
(µg/ml) 
Caffeic acid 0.055 17.9 9.85 
Total polyphenol content 9.85 
 
Polyphenol content of supernatant GLU 
Polyphenol 
standard 
Concentration of 
standard 
Peak area of extracted 
polyphenol (% of 
standard peak) 
Polyphenol 
content 
(µg/ml) 
Caffeic acid 0.055 135.7 74.6 
Naringenin (+-) 0.048 10.7 5.1 
Total polyphenol content 79.7 
 
Polyphenol content of supernatant GLU2 
Polyphenol 
standard 
Concentration of 
standard 
Peak area of extracted 
polyphenol (% of 
standard peak) 
Polyphenol 
content 
(µg/ml) 
Hesperetin 0.051 52.0 26.5 
Naringenin (+-) 0.048 1.3 0.6 
3,4-
dihydroxybenzoic 
acid 
0.053 14.5 7.7 
Cinnamic acid 0.052 0.5 0.3 
Caffeic acid 0.055 32.6 17.9 
Morin Hydrate 0.048 5.6 2.7 
Naringin 0.057 3.0 1.7 
Total polyphenol content 57.4 
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Table 4.34 Polyphenol content of supernatant measured at A280nm (Cont.) 
 
Polyphenol content of supernatant SU 
Polyphenol 
standard 
Concentration of 
standard 
Peak area of 
extracted 
polyphenol (% of 
standard peak) 
Polyphenol 
content 
(µg/ml) 
Caffeic acid 0.055 300.0 165.0 
Hesperetin 0.051 60.6 30.9 
Naringin 0.057 165.1 94.1 
 
Polyphenol content in 50mg sample 
 
289.99 
Total polyphenol content in 184mg sample 1067.2 
 
 
4.7  Ionic Liquid Recycle for Reuse 
 
Following the selective extraction of GAGs and chitin-related materials from 
simulated and real waste systems, experiments were carried out to determine 
whether the ILs used in the extraction could be recovered for subsequent use. 
 
4.7.1 Ionic liquid recovery from seafood waste 
 
The filtrate obtained from the filtration stage shown in Figure 4.20 contained most of 
the IL as well as dissolved carbohydrates, fats, and water. The filtrate was 
refrigerated for 24 hours, to facilitate separation of the IL layer from the aqueous 
layer. The lower IL-rich layer was recovered by decanting off the aqueous layer and 
subjecting the remaining liquid to rotary evaporation to remove any residual water, 
as shown in the schematic diagram (Figure 4.41).  
 
 
 
Chapter 4  Feyisetan Oluremi Thompson 
 
~ 195 ~ 
 
 
Results 
 
The ionic liquid HBetNTf2 was recovered as a brown viscous liquid in 56.6% yield. 
The ATR-FTIR of the recovered sample was compared with that of pure reference 
HBetNTf2 (Figure 4.40), and found to be in excellent agreement. The peak at 
3605cm-1 corresponds to the -OH vibration and two peaks at 2972 cm-1 and 2952 
cm-1 indicate the presence of an asymmetric and symmetric -CH3 bond, while –CH2 
symmetric peak is represented at 2850cm-1. The characteristic C=O vibration is 
observed at 1746 cm-1 and an asymmetric -CH3 at 1475 cm-1 and 1435cm-1 
respectively. A C-N bond vibration is also observed at 1210-1140cm-1, with 
asymmetric SO2 vibration at 1045cm-1 and a C-F stretch peak observed at 1141cm-1.  
A possible OH deformation is also evident at 1351 cm-1.  
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Figure 4.40 FTIR of recovered HBetNTf2 with reference HBetNTf2 
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Figure 4.41 Process mass balance for scallop gut filtrate 
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4.7.1.1 Reuse of recovered IL  
 
The IL, HBetNTf2, recovered, was further reused in the extraction of GAGs from the 
real waste system, to give a closed-loop process. An illustration of the IL reuse 
methodology is presented in Figure 4.42. 
 
 
 
 
Figure 4.42 Reuse methodologies for used IL 
 
 
The pre-digested wet scallop gut waste (66g) was mixed with recovered HBetNTf2 
(54g) in a 250ml conical flask and heated on a hot plate for 20 minutes at 30°C. The 
mixture was vacuum-filtered, using a PVDF membrane filter paper and the residue 
washed with methanol (175ml) and water (100ml) consecutively. The filtrate, which 
contains water, IL, dissolved amino acids, organic acids and carbohydrate was 
refrigerated at 4°C for 24hours to precipitate the hydrophobic IL. The aqueous layer 
was decanted to retrieve a viscous IL layer, which was rotary evaporated to remove 
residual water. 
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Result 
 
The GAG residue was recovered as a light brown solid (approx. 0.05g, 75% yield). 
The ATR-FTIR spectrum in Figure 4.43 of the recovered GAG shows good 
agreement with a pure reference spectrum of combined CS and HA.   The re-used IL 
was recovered from the filtrate layer as a dark brown viscous liquid (43.6g, approx. 
81% recovery).   
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Figure 4.43 ATR-FTIR of recovered GAG from reused IL 
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Figure 4.44 ATR-FTIR of re-recovered HBetNTf2 from reused IL 
  
The ATR-FTIR spectrum of the recovered IL (Figure 4.44) indicates the presence of 
contaminants, which are to be expected from dissolved amino acids, organic acids 
and carbohydrates.  An increase in the intensity and broader peaks at 3384cm-1and 
3233cm-1, suggests the presence of more O-H and N-H bond vibrations. An 
increased peak intensity is seen at 1625cm-1, attributed to the C=O stretching 
vibrations of the amide, suggesting additional C=O bond vibrations from the organic 
acids or amino acids contaminants. 
 
4.7.2 Ionic liquid recovery from cider yeast waste 
 
Recovery of the IL, BMIMCl, used in chitin extraction Trials 5 and 6 (Table 4.30) is 
discussed in this section. The filtrate from the trial processes contain BMIMCl and 
dissolved components - mainly β-glucan. The filtrate was washed with methanol, in 
which the IL is soluble, precipitating the unwanted components. The ATR-FTIR of  
 
3384 cm-1 
3233 cm-1 
1625cm-1 
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the recovered BMIMCl from methanol solution is shown in Figure 4.45, and shows 
reasonable match with the spectrum of reference BMIMCl. 
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Figure 4.45 FTIR spectrum of recovered BMIMCl and reference BMIMCl 
 
 
4.8  Conclusions 
 
This chapter contains a description of an investigation into the use of ionic liquids in 
the recovery of key value components from two food waste streams: seafood wastes 
and beverage wastes. The processes for the recovery of the key value components 
from the food wastes are dependent on the development of ionic liquids that 
solubilise the components of the wastes with the purpose of identifying the most 
appropriate ionic liquid(s) for the selective extraction of key value components from 
each waste stream. The approach is based on the ability of the ionic liquids to either:  
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 solubilise selectively key value components, leaving unwanted components 
insoluble or, 
 dissolve all other components in the ionic liquid, with the key value component 
being insoluble and, as such, recovered as a solid residue. 
 
The protocol used in the solubility/extraction/recovery methodologies shown in the 
following flow diagram: 
 
 
 
 
 
The protocol includes a requirement to recover the ionic liquid for reuse and recycle 
to aid the economic viability of the processes developed.  
 
Two novel processes are developed for the recovery of key value components from 
food wastes: namely glycosaminoglycans (GAGs) from seafood waste using scallop 
gut waste as an example of a suitable waste stream and chitin-glucan complexes  
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from cider yeast wastes.  Both GAGs and chitin-glucan complexes are high-added 
value components in products of the nutraceutical industry and, in the case of the 
chitin-glucan complexes, they are of particular interest because they are recovered 
from a vegetable rather than an animal source.  
 
The methodology for the recovery of the GAG mixture (CS & HA) from scallop gut 
waste developed involves the treatment of wet scallop gut waste with the ionic liquid, 
HBetNTf2 at 30oC to separate the insoluble GAGs (CS & HA) mixture from the other 
components of the waste which are soluble, using the following process: 
 
 
 
 
 
The important aspects of this process from the point of view of economic viability are 
(i) it is a low-temperature process (ii) the extraction of the unwanted components of 
the waste occurs quickly (iii) the product GAGs washed with methanol and water are  
 
Chapter 4  Feyisetan Oluremi Thompson 
 
~ 203 ~ 
 
 
recovered in good yield and (iv) the ionic liquid and the methanol used in the process 
can be recovered for recycle and reuse. 
 
The process developed for the recovery of chitin-glucan complex from cider waste 
yeast using the enzyme alcalase and IL BMIMCl is shown in the flow diagram: 
 
 
 
 
 
The cider yeast waste is first treated with alcalase at low temperature and pH 8 to 
break down the proteins into smaller units. The digested pellet is centrifuged, and 
any polyphenols present can be obtained from the supernatant liquid. The chitin-
glucan complex can then be recovered from the dried digested solid yeast pellet by 
treatment with the ionic liquid BMIMCl. The recovered complex is washed with  
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methanol to give a reasonable product yield and the BMIMCl can also be recovered 
for reuse.   
 
The recovered product is clearly identified by both FTIR spectroscopy and 13C-NMR 
as a chitin-glucan mixture rather than a single phase chitin but the chitin-glucan 
complex is of commercial value to the nutraceutical industry and no further 
purification was thought to be necessary.  Although polyphenols can also be 
obtained from cider yeast wastes in this process the amounts present in the yeast 
are too low to make their recovery from this source an economical proposition. 
 
The work on the use of ionic liquids in recovering key value components in wastes 
has been extended to the recovery of base oils from waste lubricating oils and this 
part of the present research is described in the next chapter. 
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CHAPTER 5:  VALUE RECOVERY FROM LUBRICANT OIL 
WASTES 
 
 
5.1 Introduction 
 
Base oils are valuable components of lubricating oils but while in service they 
undergo oxidation accelerated by the presence of catalysts and high engine 
temperatures. The autocatalytic oxidation process is initiated by a free radical chain 
reaction, followed by a propagation step, with a concluding termination step reaction. 
The chemical equations below [189] illustrate the stages of the chain reaction and 
the products of the reaction include a complex mixture of ketones, peroxides, 
alcohols, esters and carboxylic acids which, if not removed, can corrode engine 
parts. 
 
Initiation stage 
RH + O2   R• + HOO• 
RH + O2 + RH   R• + H2O + R• 
 
Propagation stage 
R• + O2  ROO• 
ROO• + RH   ROOH + R• 
ROOH + M2+  ROO• + H++ M +   (M = metal ion) 
RO• + RH  ROH + R• 
 
Radical decomposition 
RR’R’’C-O   RR’C=O + R• 
2RC-(O) - R + 2O2    4RC(O)OH 
Termination stage  
ROO• + XH   ROOH + X• (X= antioxidant) 
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ROO• + X•  Inert product 
 
Waste lubricant oils have been treated for the recovery of key value components and 
to provide an opportunity for maximum oil recycle and energy conservation. The 
treatment processes involve the removal of contaminants accumulated over a period 
of time to recover components of value. Treatment of lubricant waste oil dates back 
to 1935 [190] with two main types of processes being used: 
 
 Reprocessing – which involves the removal of contaminants using methods 
such as heating, filtration and dehydration. This type of process does not 
completely remove all contaminants present and the products are generally 
re-used for less demanding applications, for example use as fuel oil [191];    
 Regeneration or re-refining [68] – which involves the complete removal of 
contaminants and damaged additives to return the waste oil to its original 
state as a reusable base oil.   
 
Re-refining has now been established as a distinct process for recovering value from 
waste lubricant oil and studies by Onukwuli, et al  [69], show that re-refining 
treatment processes have been carried out using solvents that lead to the recovery 
of base oils from waste lubricant oil. Several technologies for re-refining have been 
developed, with both advantages and disadvantages, depending on the scale of 
operation.  A potential setback to the use of re-refining lies in the demands of 
economics, which have led to the viability of this type of process being questioned.  
Lukic et al [192], however, argued in favour of the economic value of these 
processes, mainly in terms of the increasing mineral oil prices. The re-refining of 
waste lubricant oil is, however, influenced by a number of major factors including 
market prices, regulatory frameworks and market acceptance of the recyclate 
products. 
 
The processes involved in re-refining occur in 3 main steps:-  
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 Pre-cleaning, which is either a physical or chemical treatment step, involving 
the removal of large particles, water, and other light compounds through 
sedimentation, centrifuging, filtration or solvent extraction;  
 Extraction and separation processes, such as (i) acid-clay treatment using 
sulfuric acid also known as the Meinken process, (ii)  use of an acid-free 
process: (iii) vacuum distillation, (iv) hydro-processing and (v) solvent 
extraction and; ([193-196]) 
 Hydro-finishing 
 
Acid–clay treatment [69, 193, 197], is a traditional process, which has the advantage 
of being cheap and for this reason it is widely used in many developing countries 
including Nigeria. The disadvantages of the acid processes lie in  the production of 
large amounts of acid sludge wastes and acid gases [69, 193], and the difficult 
separation of the sludge from the oil which results in low base oil yields, with up to 
20% oil loss in the acid sludge [198]. The corrosiveness of the acid sludge [199] 
along with the fact that they are expensive  to dispose of has led to the prohibition of 
the use of this technology in most developed countries [200]. A regeneration process 
ranking study also further pointed to the fact that the acid-clay process is the least 
environmentally sound treatment option because of the quantity of acid tar produced 
and the difficulty of waste disposal [191].  
 
Solvent extraction has been used in recovery processes using supercritical ethane, 
liquefied propane, extraction-flocculation solvents (methyl ethyl ketone, butanone, 
butanol), and N-methylpyrrolidone to extract base oil [192, 199, 201, 202]. The 
methodology has also involved the use of the solvent N-methylpyrrolidone for the 
removal of sulfur, the presence of which is known to lead to the formation of Cu2S 
which reduces oil insulating properties. The solvent also removes the Cu2S precursor 
compounds from mineral insulating oil in the liquid-liquid extraction [202]. The uses 
of liquid and supercritical ethane for the re-refining of waste lubricant oils have 
resulted in a superior base oil yield compared to processes involving propane 
extraction.  Hamad et.al [200] have also suggested the use of liquefied petroleum 
gas and of stabilised condensate as new solvents for the recovery of base oil.  
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Details of other solvent extraction technologies used for the recovery of base oil from 
wastes are listed in Table 5.1. The use of adsorbents for the removal of 
contaminants from used oils in treatment processes has been reported by Abdel-
Jabbar et al, [203]  with the absorbents used including bentonites, egg shale powder, 
and date palm kernel powder.  
 
An alternative re-refining process for waste lubricant oils, using ionic liquids, has 
been investigated in the present work. The synthesis and characterization of ILs for 
the selective treatment of waste lubricant oil is described and a methodology based 
on the solubilities of waste oil components in the ionic liquids and in organic solvents 
developed.  
 
 
5.2 Synthesis of ionic liquids in re-refining processes 
 
The following ILs are selected for the treatment of waste lubricant oil: BMIMCl, 
SMIMHSO4, HBetNTf2, HMIMBr, TESAC and P6,6,6,14Cl. Synthesis and 
characterization of BMIMCl, SMIMHSO4, HBetNTf2, HMIMBr ILs are detailed in 
Chapter 3, while synthesis of the switchable IL, 3-(triethoxysilyl)-propylammonium-3-
(triethoxysilyl)-propyl carbamate (TESAC) is described in this section. The IL 
trihexyltetradecylphosphonium chloride P6,6,6,14Cl was purchased from Sigma Aldrich.  
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Table 5.1: Summary of current waste oil treatment technology 
 
Method 
 
Solvents 
 
Description 
 
Conditions 
 
References 
Solvent 
Extraction:  
Supercritical 
extraction (SCFE) 
Propane and butane 
respectively 
 Used oil is 1st at distilled at 
atmospheric pressure to remove 
water and light hydrocarbons. 
 Fractions collected above 300C 
used as feed of SCFE. 
 Butane has higher solvent power, 
so extraction pressure is lower 
 Recovery of butane is simpler than 
propane due to its higher boiling 
point 
Max pressure = 7.0MPa for 
propane = 6.0MPa for butane 
[197, 201] 
Solvent Extraction MIBK, MNPK, MEK, 
Butyl alcohol, Sec-
butyl alcohol, pentanol, 
hexanol, Hexane, 
Heptane  
Solvent/oil ration of 1:5, mixture stirred 
for 1hr at 50°C 
 
n/a 
 
[69] 
 
 
 
 
 
Solvent extraction 
using 
hydrocarbons 
Liquid petroleum gas 
(LPG) and stabilized 
condensate (SG) 
- Used oil allowed to settle by simple 
mechanical operation  
- Physical properties and metal 
content measured 
- Oil is mixed with LPG condensate or 
SG with solvent-oil ratios of1:4,1:2, 
1:1, 2:1, 3:1, 4:1, 5:1 
- Repeat above with additional 1%vol 
of demulsifier with respect to UO.  
- Steps 3 and 4 mixtures are allowed 
to settle generating a layer of 
asphaltene. 
- Removed and weighted 
- Solvent recovered by distillation. Oil 
filtration from clay and suspended 
solids 
Use electric stirrers at 500rpm for 
10mins to stir mixtures 
Clay added to treated oil @ 110C 
for 3omins (18% activated filler 
earth material) 
 
[200] 
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Table 5.1: Summary of current waste oil treatment technology (Continued) 
 
Method 
 
Solvents 
 
Description 
 
Conditions 
 
References 
Solvent Extraction Mixtures of butyl 
alcohol, isopropyl 
alcohol, MEK 
- ULO 1st dehydrated and distilled to 
remove water and light hydrocarbons 
- Fractionally distilled oil is then 
treated with mixture of solvent 
- Sludge drained at bottom, centrifuge 
used to recover oil and solvent 
- Extracted oil is vacuum distilled, then 
clay treatment to hydro treatment to 
remove colour and odour 
Solvent –oil ratio 
2:1:1 
[45] 
 
 
 
 
 
 
 
 
Solvent extraction N-Hexane + 2-
propanol containing 
3g/L KOH 
  [204] 
N-hexane, 2-propanol, 
1-butanol + 3g/L KOH 
- 0.25 waste oil : 0.35 n-hexane:0.40 
polar compounds (80% 2-propanol + 
20% 1-butanol) + 3g/L KOH 
[205] 
Solvent extraction Liquid and supercritical 
ethane  (95%) pure 
Used oil is treated in a rotary 
evaporator @ 60C under vacuum 
(100mmHg) to eliminate water and 
hydrocarbons for 30mins 
- Used to study temp and pressure 
on extraction yield and quality 
- 40kg/cm2≤P≤145kg/cm 
- 25°C≤T≤95°C 
- Below 40kg/cm2 extraction yield 
is low and above 145, quality of 
extraction decrease. 
- Above 95°C, no oil can be 
extracted as studied and below 
25°C creates unnecessary 
complications 
[197] 
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5.2.1  Synthesis of a switchable IL - TESAC  
 
An ionic liquid capable of switching polarity - from polar to non-polar - was made by 
addition of carbon dioxide to a single component of (3-aminopropyl)-triethoxysilane), 
(TESA) to form 3-(triethoxysilyl)-propylammonium-3-(triethoxysilyl)-propyl 
carbamate, (TESAC). The reversible reaction is shown in Figure 5.1.  The reverse 
reaction of TESAC to TESA is achieved by raising the temperature above 50oC. 
  
 
 
Figure 5.1 Synthesis of a switchable ionic liquid [118] 
 
 
In this single component system, CO2 was bubbled through TESA (10g) until the 
completion of the exothermic reaction to give a clear viscous ionic liquid. Table 5.2 
shows the characterisation data for the TESAC IL.  
 
 
 
2 
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Table 5.2 Characterisation data for switchable IL 
Ionic Liquid Characterisation data 
3-(triethoxysilyl)-
propylammonium-3-
(triethoxysilyl)-propyl 
carbamate (TESAC) 
 
A clear viscous liquid was obtained at room 
temperature. FTIR (NaCl, cm-1): 3350 (N-H, stretch), 
2974(CH2, asymmetric), 2927(CH2, symmetric), 
1581(C=O, stretch), 1481(CH2, deform), 1296(C-O, 
stretch), 1165-(C-N), 1080 (Si-OR), 775(Si-C), TG-
DSC (N2 atmosphere, 10°C/min): onset decomposition 
occurs at low temperature of 46°C with a 63.4% weight 
loss at 155.06°C which is thought to correspond to the 
decomposition point of the IL. TLC: Rf 0.59 (1:1 
methanol, chloroform). 
 
 
5.3 Solubility of waste oil components in ionic liquids 
 
To determine the applicability of ionic liquids for the recovery of value from waste 
oils, a series of solubility tests were carried out to: 
 
i. determine the extent of solubility of pure components (including base oil, 
additives and metals) typically found in lubricant waste oil in a range of ILs; 
and  
ii. determine the solubility of ILs and each of the components in a range of 
organic solvents. 
 
Whilst many additives such as those listed in Table 2.15 of Chapter 2 are found in 
the lubricant oils, not all co-exist. For the purpose of this research, additives crucial 
to the performance of the lubricant oil have been selected for study, namely, anti-
oxidants, friction modifiers, anti-wear agents, anti-foaming agents and dispersants. 
The lubricant oil components used in the solubility tests and their source suppliers 
are in Table 5.3. 
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Table 5.3 Lubricant oil components used in solubility testing 
 
Category 
 
Component 
 
Supplier 
Anti-wear and 
secondary anti-oxidant 
Zinc dialkyl 
dithiophosphate 
(ZDDP) 
ZPlusTM USA 
Anti-foaming agent Polydimethyl siloxane 
(PDMS) 
Sigma Aldrich 
Anti-oxidant 2,6-di-tert-butyl-4-
methylphenol (TBMP) 
Sigma Aldrich 
Dispersant/emulsifier Poly(styrene-co-maleic 
acid)  (PMS) 
Sigma Aldrich 
Friction Modifier Molybdenum disulphide  
(MoS2) 
Sigma Aldrich 
Base oil SN150 Oando, Nigeria 
Standard base oil 20 SPEX CertiPrep, Inc, 
UK  
Waste lubricant oil GM 10W 40 Local garage, UK 
SN = Solvent Neutral 
 
The method used in determining the solubilities of the components in ILs involved: 
 
 mixing individual components with ILs at room temperature and/or 80°C; 
 mixing individual components in a range of organic solvents at room 
temperature; 
 mixing the ILs in organic solvents to determine IL solubility in and miscibility 
with the organic solvents; and 
 mixing metals and their oxides and sulfides in ILs at room temperature or 
80°C. 
 
The mixing was carried out for components of simulated lubricant oil systems as 
follows: individual components (50mg) were mixed with the IL (2g) in a water bath 
and the mixture stirred for 30-45 minutes at room temperature and/or 80°C to 
determine whether they are soluble. The solubilities of the metals, and their oxides 
and sulfides were determined by mixing 20mg of each metal or compound with 1g of 
IL at room temperature or at 80°C for 30 minutes. 
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The results of the relative solubility measurements of waste lubricant oil components 
in a range of ILs are in Table 5.4, while their relative solubilities in a suite of organic 
solvents are in Table 5.5. The abilities of ILs to dissolve metals and metal oxides and 
sulfides are shown in Tables 5.6 to 5.8. Finally the miscibility of ILs with organic 
solvents is shown in Table 5.9.  Solubility tests involving the IL TESAC were carried 
out at room temperature because the IL is converted to TESA as temperatures 
increase above 50°C. 
 
The data in Table 5.4 show that base oils are predominantly insoluble in most of the 
range of ionic liquids tested. This can be attributed to the ionic nature of the solvents 
which do not bind with the hydrocarbon base oil. The base oils are, however, soluble 
in trihexyltetradecylphosphonium chloride P6,6,6,14Cl because the IL contains a long 
chain hydrocarbon cation which makes the IL hydrophobic despite the presence of 
the chloride anion. The non-polar hydrocarbon chains dominate the structure of the 
IL, increasing its hydrophobicity so that it is able to react with the base oils that have 
similar long chain hydrocarbon structures bringing them into solution. Since the 
intermolecular forces between the IL P6,6,6,14Cl and solute (base oil) are similar they 
are miscible with each other. 
 
The solubility results in Table 5.5 show that the hydrocarbon base oils tend to 
dissolve in non-polar organic solvents but not in polar solvents. Non-polar additives, 
such as molybdenum disulphide, are insoluble in polar ionic liquids and polar organic 
solvents, while polar additives are soluble in polar solvents. All additives and base 
oils are soluble in the organic solvent TESA because it has a structure and 
composition that contains both polar and non-polar groups (Figure 5.2) and therefore 
shows both polar and non-polar solvent properties.  
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Table 5.4 Solubility of waste lubricant oil components in ionic liquids at room temperature and 80ºC 
 
Components 
BMIMCl HBetNTf2 HMIMBr P6, 6, 6, 14 Cl TESAC SMIMHSO4 
r.t 80 ºC r.t 80 ºC r.t 80 ºC r.t 80 ºC r.t r.t 80 ºC 
SN150 Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Soluble Soluble Insoluble Insoluble Insoluble 
Zinc dialkyl 
dithiophosphate 
Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Soluble Soluble Soluble Insoluble Insoluble 
Molybdenum 
disulphide 
Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Soluble Insoluble Insoluble 
Polydimethyl 
siloxane 
Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Soluble Soluble Insoluble Insoluble 
2,6-di-tert-butyl- 
4-methylphenol 
Insoluble Soluble Insoluble Insoluble Insoluble Insoluble Insoluble Soluble Insoluble Insoluble Soluble 
Poly(styrene –  
co-maleic acid) 
Insoluble Soluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Soluble Insoluble Insoluble 
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Table 5.5 Solubility of components in organic solvents 
 
 
Organic Solvents 
 
SN150 
 
SN500 
 
ZDDP 
 
MoS2 
 
TBMP 
 
PDMS 
 
Acetone Insoluble Insoluble Insoluble Insoluble Soluble Soluble 
 
Methanol Insoluble Insoluble Insoluble Insoluble Soluble Soluble 
 
Diethyl ether Soluble Soluble Insoluble Insoluble Soluble Soluble 
 
Dichloromethane Soluble Soluble Soluble Insoluble Soluble Soluble 
 
Chloroform Soluble Soluble Soluble Insoluble Soluble Soluble 
 
Ethyl acetate Soluble Soluble Insoluble Insoluble Soluble Soluble 
 
Water Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble 
(3-aminopropyl)-
triethoxysilane (TESA) 
Soluble Soluble Soluble Soluble Soluble Soluble 
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Table 5.6 Solubility of metals in ILs at room temperature and 80ºC 
 
Metals 
 Co Zn Cu Mn Sn Ni 
Room temperature 
TESAC  Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble 
 
Co Zn Cu Mn Sn Ni 
r.t 80ºC r.t 80ºC r.t 80ºC r.t 80ºC r.t 80ºC r.t 80ºC 
HBetNTf2 PS Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble PS Insoluble 
P6,6,6,14Cl PS Insoluble PS Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble 
r.t = room temperature; PS= partially soluble 
 
 
 
 
 
 
 
 
Chapter 5     Feyisetan Oluremi Thompson 
 
~ 219 ~ 
 
 
Table 5.7 Solubility of metal oxides and sulfides in TESAC IL at room temperature 
Metal Oxides and sulphides 
 CuO NiO NiS ZnO ZnS MnO2 HgO PbS SnO2 Fe2O3 FeS 
TESAC Insoluble Insoluble Soluble Soluble Insoluble Insoluble Insoluble Soluble Insoluble Soluble Insoluble 
 
 
 
 
Table 5.8 Solubility of metal oxides and sulfides in ILs at 80ºC 
Metal Oxides and sulphides 
 CuO NiO NiS ZnO ZnS MnO2 HgO PbS SnO2 Fe2O3 FeS 
HBetNTf2 PS PS Insoluble Soluble Insoluble Insoluble Soluble Insoluble Insoluble Soluble Insoluble 
P6,6,6,14Cl PS PS PS Insoluble Insoluble Insoluble PS Insoluble Insoluble Insoluble Insoluble 
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Table 5.9 Solubility of ionic liquids in organic solvents 
 
 
Ionic 
Liquids 
Organic Solvents 
Dichloro- 
methane 
Chloroform Methanol Ethyl acetate H2O Ethanol Acetone Petroleum 
ether 
HBetNTf2 Insoluble Insoluble Soluble Soluble Insoluble Soluble Soluble Insoluble 
BMIMCl Soluble Soluble Soluble Insoluble Soluble Soluble Insoluble Insoluble 
HMIMBr Insoluble Soluble Soluble Insoluble Soluble Soluble Soluble Insoluble 
TESAC Soluble Soluble Soluble Soluble Soluble Soluble Soluble Soluble 
P6,6,6,14Cl Soluble Soluble Soluble Soluble Insoluble Soluble Soluble Insoluble 
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Figure 5.2 Structure of TESA 
 
Results from the solubility tests show that HMIMBr and HBetNTf2 ILs do not 
selectively dissolve the base oil or any of the additive components. HBetNTf2 
however, dissolves oxides of zinc, mercury and iron. BMIMCl dissolves poly(styrene-
co-maleic acid) and 2,6-di-tert-butyl-4-methyl phenol additives leaving the base oil 
and some other additives insoluble. SMIMHSO4 dissolves 2,6-di-tert-butyl-4-
methylphenol at 80ºC while the base oil and other additives remain insoluble. The IL 
P6,6,6,14Cl dissolves the base oil along with polydimethyl siloxane, 2,6-di-tert-butyl-
4-methylphenol and zinc dialkyl dithiophosphate additives but the metals and their 
oxides and sulfides are insoluble in this IL. The IL, TESAC, dissolves most of the 
lubricant oil components leaving the base oil, insoluble. All the metals tested in 
TESAC appear to be insoluble but oxides of copper, zinc and iron are soluble in 
this IL as are the sulfides of nickel and lead.   
 
 
5.4   Ionic liquid methodology for the recovery of base oils from 
waste lubricant oils 
 
Following the solubility testing of lubricant oil components in ILs and other solvents,  
extraction methodologies were considered in which the base oils were either (i)  
insoluble in an IL phase in which most of the other components were soluble, or (ii) 
extracted into the IL phase and separated out using other solvents, leaving the other 
components in the waste.  
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On the basis of these results from the solubility tests described in the previous 
section, TESAC and P6,6,6,14Cl are the ILs selected as potential solvents for the 
recovery of the base oil value from waste lubricant oils: TESAC, because the 
base oils are insoluble in this IL, and P6,6,6,14Cl, because of its ability to dissolve 
the base oil which could then be recovered from solution in the IL, using other 
solvents. 
 
The potential of developing an IL-based methodology for recovering base oils from 
waste lubricant oils for reuse was assessed on three distinct systems: 
 
(i) a simple simulated waste oil system;  
(ii) a mixed simulated waste oil system; and 
(iii) a real waste lubricating oil.   
 
Analyses of the recovered components from the extraction processes on these 
systems were compared with pure reference samples using the analytical 
procedures described in Chapter 3. 
 
5.4.1 The TESA/TESAC Base Oil Recovery Process  
 
From the solubility trials described in Section 5.2, the IL, 3-(triethoxysilyl)-
propylammonium-3-(triethoxysilyl)-propyl carbamate (TESAC), was identified as 
suitable for the recovery methods based on the insolubility of the base oil in the ionic 
liquid because:  
 
 although the base oil, as along with the other additives, are soluble in the 
solvent, TESA, the base oil becomes insoluble in the ionic liquid,  TESAC, 
which is easily formed from TESA while the other major components are 
soluble in this IL; and 
 
 the IL, TESAC, is soluble in all of the organic solvents tested, which is a 
valuable property for the recovery of this IL for reuse and regeneration. 
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The procedures followed in studies of the extraction and recovery of the base oil 
involved: 
 
 Mixing individual components in the solvent TESA at room temperature and 
bubbling CO2 through the mixture for 20 minutes to convert the solvent to 
TESAC; 
 The mixture was then stirred vigorously for 30 minutes at room temperature, 
after which it was centrifuged at 8000rpm for 30 minutes at 20°C; and 
 The mixture was allowed to settle, upon which two layers separate out. 
 
5.4.1.1 Extraction of base oil from a simple simulated waste oil system 
 
A simple simulated waste oil mixture was used to determine the recovery of pure 
reference base oil using the TESA/TESAC procedure in two systems:  
 
(i) a system containing only pure base oil and  
(ii) a system containing both a base oil, treated to model a used oil, and a 
chosen oil additive. In this system, to model a used oil, the base oil was 
heated at 120°C for 50 hours in air to oxidize the hydrocarbons in order 
to simulate the degradation in an engine environment  [206].    
 
In system (i), a standard base oil (5g) was dissolved in the solvent TESA (0.05mol, 
11g) and CO2 (0.025mol) was bubbled through the solution at 3.7cm3/min for 15 
minutes until the exothermic reaction was complete and a viscous mixture formed 
leading to the production of TESAC. The initial homogeneous one-phase mixture, 
formed by TESA and the base oil, was allowed to separate into two distinct layers, 
with the ionic liquid product (TESAC) as the lower layer and the base oil as the upper 
layer. FTIR of recovered base oil (Figure 5.3) is shown to be in good agreement with 
the reference base oil. 
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Figure 5.3 FTIR of recovered base oil and reference base oil 
 
In system (ii), a single additive, polydimethyl siloxane (PDMS) (1.85g), was added to 
a 1:1 mixture of TESA (5g) and the model simulated waste oil (5g) to give a 
homogeneous mix, through which CO2 was bubbled until the completion of the 
exothermic reaction to form TESAC. The viscous product obtained was stirred 
vigorously for 30 minutes after which the mixture was allowed to settle. The upper 
layer, containing the recovered base oil was separated from the bottom 
TESAC/PDMS layer by centrifuging the mixture at 8000rpm for 20 minutes.  The 
upper layer was washed with methanol (20ml) to remove traces of PDMS and IL. 
The recovered product was characterised by ATR-FTIR and compared with 
reference sample of base oil, shown in Figure 5.4. The FTIR spectrum of recovered 
base oil shows good agreement with the reference sample of the base oil used, and 
is composed predominantly of hydrocarbon peaks. The peaks at 2951cm-1, 2922cm-1 
and 2853cm-1 represent symmetric –CH3, -CH2 asymmetric and -CH3 asymmetric 
bonds respectively. 
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Figure 5.4 ATR-FTIR spectra of recovered base oil and reference base oil 
 
The lower TESAC/PDMS layer was washed with water to recover the TESAC IL. 
Figure 5.5 shows the FTIR of the recovered IL, which is in good agreement with the 
reference TESAC IL.  
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Figure 5.5 ATR-FTIR of recovered TESAC and reference TESAC IL 
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5.4.1.2 Extraction of base oil from a mixed simulated waste oil system 
 
Following the successful recovery of base oil by the TESA/TESAC process from a 
simple simulated waste oil system, the investigation was extended to include the 
recovery of base oil from a mixture of base oil and selected additives.  
 
TESA (10g) was added to a simulated mixture of oxidized SN150 base oil (8g) and a 
selection of additives, in the proportions detailed in Table 5.10, to dissolve both the 
base oil and the additives.  This was followed by the addition of CO2 to convert 
TESA to TESAC and the mixture was stirred for 15 minutes at room temperature and 
then centrifuged at 8000rpm for 30 minutes, after which two distinct layers separated 
out. The upper layer was further washed with methanol to remove ionic liquid 
impurities along with any remaining additive impurities from the recovered oil.  
 
Comparison of the ATR-FTIR spectrum of the recovered base oil with that for 
reference base oil (Figure 5.6), shows that they are in good agreement and contain 
predominantly vibrations due to aliphatic hydrocarbons and some aromatic 
hydrocarbons. Peaks at 2922cm-1 and 2853cm-1 correspond to –CH2 and –CH3 
asymmetric vibrations respectively, with peaks at 1458 and 1377cm-1 indicating the 
presence of the –CH2–  and –CH3 deformation bond. C-C peak is identified at 
717cm-1 and double peaks in the range between 1081cm-1 and 1104 cm-1 which may 
be due to the presence of a C-O group from alcohol, ester or carboxylic acid.  
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Table 5.10 Quantities of base oil and additives for complex simulated mix 
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Figure 5.6 ATR-FTIR of recovered and pure reference base oil from mixture system 
 
 
 
 
Base oil 
 
Quantity (g) 
Base oil 20 8g (80%) 
 
Additives 
 
Quantities (g) 
MoS2 0.33 
PDMS 0.33 
TBMP 1 
ZDDP 0.33 
Polyester 0.33 
Total 2.32g 
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5.4.1.3  Extraction of base oil from a real waste system 
 
The recovery of base oil from real waste lubricant oil was studied using waste 
GM10W 40, multi-grade semi-synthetic lubricant oil, obtained from a local garage, in 
the UK, which was filtered to remove sediments and large particles.  A 1:1 mixture of 
TESA and the waste oil was placed in a flask and CO2 added at the rate of 
3.7cm3/min for 15 minutes. The resulting mixture was centrifuged at 8000rpm for 30 
minutes at 20°C. This did not give an immediate separation of the layers, so the 
mixture was left to settle for 48 hours, after which substantial separation of layers 
was observed (Figure 5.7).  A schematic of the extraction process is presented in 
Figure 5.8, including the steps in the process that result in the recycle of TESAC to 
TESA for reuse in subsequent extractions.    
 
Qualitative analysis of the separated layers was obtained using ATR-FTIR analysis 
and results shown in Figures 5.9 and 5.10. 
 
 
         
 
 
Figure 5.7 Layer separation of recovered oil using the TESA/TESAC process 
Bottom IL layer Top oil layer Layer separation 
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Figure 5.8 Schematic diagram of base oil recovery 
  
 
The washed oil was recovered as a dark brown viscous solid in 75% yield based on 
90% base oil content in lubricant oil. The FTIR of recovered oil, Figure 5.9, indicates 
the presence of the hydrocarbon peaks at 2954cm-1, 2922cm-1 and 2859cm-1 
corresponding to symmetric and asymmetric -CH3 and –CH2 bond vibrations, while 
peaks at 1458cm -1 and 1377cm-1 correspond to C-H bond vibration. The spectra 
also show that there is excellent agreement between the recovered oil and the 
reference base oil. 
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Figure 5.9 ATR-FTIR of recovered sample from TESA/TESAC process after methanol 
wash 
 
 
The lower layer, which contains TESAC and additives, was washed with water to 
dissolve the water-soluble IL leaving the additives insoluble (Table 5.4). The FTIR 
spectra of the recovered and reference IL samples are in Figure 5.10 and show good 
agreement indicating that the TESAC can be recovered for reuse. The IL, TESAC is 
converted back to TESA, for reuse by heating above 50°C.  Figure 5.11 shows the 
FTIR spectra of recovered TESA and a reference TESA showing that TESA has 
been recovered and is suitable for reuse in the process. 
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Figure 5.10 ATR-FTIR of lower layer - recovered IL 
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Figure 5.11 ATR-FTIR of recovered TESA from TESAC IL 
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The TG-DTG analytical data for the recovered oil and reference base oil, shown in 
Figure 5.12, are also consistent with the recovery of refined oil from the 
TESA/TESAC process. The onset boiling temperature occurs at 175°C for the 
recovered sample and at 118°C for the reference oil, while the final boiling 
temperature occurs at 447°C for the recovered sample and at 368°C for the 
reference sample. Two endothermic peaks are observed in the recovered oil sample. 
The major endothermic peak corresponds to the evaporative loss of hydrocarbons 
and the minor endothermic peak at 423°C can be attributed to the loss of residual 
high boiling additives, not present in the reference base oil. 
 
The results show that the TESA/TESAC process can be used in the recovery of 
good quality oil from waste lubricant oils.  The TESA/TESAC process has to be 
carried out at low temperatures because of the fact that the ionic liquid, TESAC, is 
easily reconverted to TESA at temperatures above 50oC.   An alternative method 
based on the solubility of the base oil in the ionic liquid P6,6,6,14Cl was investigated 
and is described in the next section.  
 
5.4.2 The P6,6,6,14Cl Recovery Process 
 
From the solubility trials described in Section 5.3, the fact that the base oil is soluble 
in the ionic liquid P6,6 6,14Cl offers an alternative methodology for base oil recovery 
using the solubility of the oil in an ionic liquid in which it is soluble rather than the 
insolubility of the oil in the ionic liquid TESAC. Another potential advantage of  
P6,6,6,14Cl  over TESAC is that the liquid state of this IL at room temperature, has a  
lower viscosity (0.70 Pas) [207], and a higher thermal stability.  
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Figure 5.12 TG and DTG of recovered sample and reference base oil
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An equal quantity of P6,6,6,14Cl (10.7g) and GM10W 40 multi-grade waste lubricant oil 
(10.7g) was heated at 80ºC for 30-45 minutes and centrifuged at 8000rpm for 30 
minutes at 20ºC. The mixture was allowed to settle for 12-24hours, after which a 
clear separation of the resulting mixture into two layers was achieved. The top layer 
which was a solution of the base oil in the IL was decanted off and washed with 
methanol to recover the oil in the process shown in Figure 5.13. The recovered base 
oil was rotary evaporated to remove traces of methanol and an ATR-FTIR spectrum 
of recovered oil compared with that for the reference base oil in Figure 5.14. The 
spectra show a good match between the recovered oil and the reference base oil. 
 
 
Figure 5.13 The P6,6,6,14Cl base oil re-refining process 
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Figure 5.14 ATR-FTIR spectra comparison of recovered base oil from the P6, 6, 6, 14 Cl 
process with reference base oil 
 
 
The oil was recovered as a dark brown viscous liquid (56% yield). The FTIR 
spectrum of recovered oil shows characteristic hydrocarbon peaks as found in the 
reference base oil, in the GM10W 40 sample. These are the symmetric and 
asymmetric -CH3 and –CH2 bond vibrations at 2922 cm-1 and 2853cm-1 and the -CH3 
and –CH2 deformation bond vibrations at 1458 cm-1 and 1377 cm-1. The FTIR of the 
used oil (Figure 5.15) has a broad peak in the region from 3000 to 3500 cm-1, which 
can be attributed to an –OH hydrogen bond from oxidation products. This peak is, 
however, not observed in the recovered oil sample. Several, undefined peaks in the 
region from 800-1400cm-1 of the used oil spectrum can be assigned to the presence 
of C-O bonds which are not observed in the recovered sample or the reference base 
oil.  
 
Further characterisation of recovered samples from the TESA/TESAC and P6,6,6,14 Cl 
IL treatments was carried out and compared with reference base oil and used 
GM10W 40  
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oil, to determine the quality and suitability of the recovered oils for reuse. The 
viscosity, density and viscosity index were measured in an Anton Paar SVM 
3000/G2 Stabinger viscometer, using the ASTM 7042 method. Elemental contents 
were obtained by ICP-OES and by XRF. Details of the results obtained from these 
analyses are in Tables 5.11 – 5.13. 
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Figure 5.15 ATR-FTIR spectra of recovered base oil, reference base oil and used oil 
samples 
 
Physical properties of recovered oil samples show a reduction in the moisture 
content as measured by Karl Fischer titration, compared to the initial waste oil, 
although the moisture content is higher than that found in the reference SN150 base 
oil sample. The recovered samples also show very high viscosity index typical of 
Group V (synthetic) base oils, compared to the waste oil and the virgin oil samples. 
Generally, a high viscosity index (VI) indicates small viscosity changes with 
temperature and therefore stable viscosity with temperature changes. A high VI is 
advantageous in engine lubricants because the oil is thin enough to flow easily at low 
temperature (which is critical in cold starts), yet is thick enough to function at high 
temperature. 
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Table 5.11 Physical properties of used, virgin and recovered lubricant oils 
 Appearance 
Moisture 
content 
Density at 
15ºC 
(g/cm3) 
Kinematic viscosity 
(mm2/s) Specific gravity 
at 15ºC 
Viscosity 
index (VI) 
40ºC 100ºC 
SN150 Pale yellow 70.4 0.880 31.4 5.2 0.881  94.2 
Waste GM10W 40 Black 1400.6 0.879 98.9 14.0 0.880 144.7 
Virgin 10W 40 Pale yellow 742.3 0.871 92.9 13.8 0.872  150.6 
Recovered sample 
from TESA/TESAC 
process 
Dark brown 388.0 0.869 97.2 14.6 0.869 156.6 
Recovered sample 
from P6,6,6,14Cl  
process 
Dark brown 759.6 0.867 146.2 19.7 0.867  155 
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ICP-OES and XRF elemental analysis were used to identify the concentration of 
contaminants and wear metals present in the recovered samples and to determine 
the extent to which the ILs have extracted these elements. The ICP-OES analysis 
was based on the EPA 3052 method [208] using 9ml HNO3, 0.5ml HCl and 2ml H2O2 
for the microwave acid digestion of the oil samples (0.8g) prior to analysis. Table 
5.13 contains the detailed analytical results for elemental content obtained by ICP 
OES. 
 
Figures 5.16 and 5.17 show the XRF spectra of recovered samples from 
TESA/TESAC and P6,6,6,14Cl processes respectively, while Table 5.12 contains a 
summary of all  elements detected by XRF.  Figures 5.18 and 5.19 show XRF 
spectra of the waste lubricant oil and a reference 12-element hydrocarbon standard 
respectively, while Figure 5.20 shows an elemental content comparison of recovered 
and reference oil samples. The XRF data were obtained using an energy dispersive 
Bruker S4 Explorer XRF spectrometer.   
 
 
Figure 5.16 XRF of recovered sample from TESA/TESAC process 
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Figure 5.17 XRF of recovered sample P6,6,6,14Cl process 
 
 
Figure 5.18 XRF of waste lubricant oil 
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Figure 5.19 XRF of 12 element oil standard 
 
 
Details of the elemental content of the recovered oils are compared with the initial 
used oil and with a reference standard hydrocarbon oil. The wear metals chromium, 
copper, nickel, tin and titanium were not detected in the used oil sample but traces of 
iron were identified. Iron wear metal was also identified in the recovered samples 
using both ILs, although at reduced levels. This indicates that the ILs have dissolved 
some of the iron contaminant present in the oil.  
 
Calcium which is in lubricant oil as an extreme pressure additive (calcium sulfonate), 
shows a reduced concentration in both recovered samples. The presence of zinc can 
arise from the additive ZDDP as well as being a wear metal. Its concentration is 
however, reduced in both recovered samples from the TESA/TESAC and P6,6,6,14Cl 
processes. This indicates that treatment with the ILs has removed some of the zinc- 
containing lubricant additives from the oil.  Recovered samples from both IL 
processes show approximately a 60% reduction in concentratation of sulfur.   
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Table 5.12 Concentration (%) of elements in used and recovered oil samples 
 
Elements 
 
Reference 
hydrocarbon 
oil 
 
Used GM10W 40 
lubricant oil 
 
Recovered oil 
TESAC 
 
Recovered oil 
P6,6,6,14Cl 
S 0.057 0.466 0.278 0.285 
Fe 0.0149 0.004 0.003 0.003 
Si 0.013 Not detected 0.575 Not detected 
Sn 0.012 Not detected Not detected Not detected 
Cr 0.012 Not detected Not detected Not detected 
Ni 0.012 Not detected Not detected Not detected 
Cu 0.011 Not detected Not detected Not detected 
Ti 0.011 Not detected Not detected Not detected 
As 0.002 Not detected Not detected Not detected 
Pd 0.004 0.003 0.002 0.004 
Os 0.001 Not detected Not detected Not detected 
Ca Not detected 0.371 0.067 0.334 
Zn Not detected 0.157 0.012 0.003 
P Not detected 0.131 0.028 0.174 
Re Not detected Not detected 0.001 Not detected 
Cl Not detected Not detected Not detected 0.229 
C + H (%) 99.9 98.9 99.0 99.0 
 
 
 
Recovered samples from the  P6,6,6,14Cl process show the presence of traces of 
chlorine which is not present in the used oil sample. For some purposes where it 
might be necessary to completely eliminate chlorine from a recycle this may mean 
that the TESA/TESAC process may be favoured over the P6,6,6,14Cl process.  
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Figure 5.20 Elemental content - comparison of recovered samples from TESA/TESAC 
and  P6,6,6,14Cl processes and reference samples 
 
Analysis of both recovered oil samples using the ICP-OES show a reduction in the 
concentration of silver, zinc, magnesium, cadmium and potassium, when compared 
with the waste oil concentration, while other detected elements (Cr, Cu, Li, Mn, Co 
and Pb) show no significant changes in concentration using these ILs. The sample 
recovered from the TESA/TESAC process however, show a lower concentration of 
zinc and cadmium when compared to the recovered oil sample from the P6,6,6,14Cl 
process. The use of ICP-OES for elemental analysis gives a more accurate 
representation of elements present in the samples compared to the use of XRF 
analysis. 
 
The combination of FTIR, TG-DTG and elemental analysis results obtained from the 
use of the TESA/TESAC and the P6,6,6,14 Cl processes to recover base oils from 
waste lubricant oil show that these processes can be used to recover base oil with 
low moisture content, higher viscosity index and reduced elemental contaminants 
that makes them suitable for reuse in lubricant oil applications.  
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Table 5.13 Elemental analysis by ICP-OES 
 
Elements 
  
 
Used GM10W 
40 oil (mg/L) 
 
Virgin GM10W 
40  
oil (mg/L) 
 
Recovered 
sample 
TESA/TESAC  
(mg/L) 
 
Recovered 
sample 
P6,6,6,14Cl 
process 
(mg/L) 
 
Ni 3.1 1.5 3.1 3.1 
Fe 2.5 2.1 2.5 2.6 
Ag 0.7 0.6 0.6 0.6 
Zn 8.6 5.1 2.5 5.2 
Pb 2.3 2.3 2.3 2.3 
K 0.1 0.05 0.06 0.07 
Na 1.1 0.6 0.6 1.0 
Mg 3.8 2.2 2.1 2.3 
Cr 2.8 2.8 2.8 2.8 
Cd 4.7 4.6 3.3 4.6 
Al 0.1 0.1 0.1 0.1 
Ba 3.0 2.9 2.9 3.0 
B 1.0 0.7 0.9 0.9 
Mn 4.2 4.1 4.2 4.2 
Cu 1.2 1.2 1.2 1.3 
Co 2.4 2.4 2.4 2.4 
Li 0.1 0.1 0.1 0.1 
 
 
5.5  Summary and Conclusion 
 
Ionic liquids have been used in this work in the development of low energy 
processes to recover base oils from waste lubricant oils.  Many of the current 
processes used in re-refining waste lubricating oils back into the commercial cycle 
are inefficient in terms of economic and environmental impact.  Material recovery 
processes based on ionic liquid methodologies can be carried out at lower 
temperatures using ionic liquids that are more enviromentally friendly alternatives to 
volatile organic solvents. Two ionic liquid processes for re-refining waste lubricant 
oils are developed: one based on an ionic liquid in which the base oil in the waste 
lubricant oil is insoluble (TESAC), and one based on an ionic liquid in which the base 
oil is soluble (P6, 6, 6, 14 Cl).   
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In the TESA/TESAC process, illustrated in the flow diagram below, the waste 
lubricant oil, including the base oil and most of the performance additives, is 
dissolved in the solvent TESA which is converted in situ to the ionic liquid TESAC in 
which the base oil is insoluble by reaction with carbon dioxide.  The base oil is 
separated off as a distinct layer and can be easily recovered.  The TESAC at the end 
of the process can also be recovered and converted to TESA for reuse in the 
process by heating it above 50oC. 
 
In the P6,6,6,14Cl process, shown in the following flow diagram, the base oil is 
separated from most of the additives and other impurities as a solution in the ionic 
liquid from which the recovered base oil can be extracted easily by treatment with 
methanol. 
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The recovered oil from both the TESA/TESAC process and the P6, 6, 6, 14 Cl process 
is of sufficient quality to be reused as a lubricating oil and in both processes the ionic 
liquids and any other solvents used can be recovered for reuse and recycle.   
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CHAPTER 6: CONCLUSION 
 
 
6.1 Aim Objectives and Scope of the Research  
 
The overall aim of the research described in this thesis was to investigate the use of 
novel methodologies as a means of recovering value from key organic components 
in two waste streams of significance to Nigeria, namely, food wastes and waste 
lubricant oils in order to achieve both a reduction in the environmental impacts of 
these wastes and the recovery of organic materials that either have a commercially 
viable market or lead to a reduction in dependency on virgin materials.   
 
The main aim of the research has been achieved through the following objectives to: 
 
 Understand the nature of organic waste streams (of relevance to Nigeria), 
the sources of these wastes and current practices relating to the mode of 
collection, recycling and disposal;  
 Understand current legislation governing the management of organic 
wastes;  
 Understand current technologies for treatment of these wastes and their 
limitations in terms of economic and environmental impacts;  
 Obtain and characterise wastes as-received, determine their composition, 
physical and chemical properties and contaminants present; 
 Undertake a literature review of ionic liquids, their properties and 
application to waste management and in particular, value recovery; 
 Prepare ionic liquids as potential solvents for selective solubility of 
simulated and real waste components; 
 Develop and optimise a methodology for recovery of key value 
components from these waste streams; and 
 Explore possibilities for reuse of extracted components and the reuse of 
ionic liquid to form a closed loop system. 
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The introductory chapter to the thesis setting out the aim and objectives of the 
research was followed by Chapter 2 which presents a literature review on the 
sources of wastes and particularly organic wastes in Nigeria; on the legislation 
governing the organic waste management in Nigeria; and on management practices, 
and treatment options used in the country.  Chapter 3 provided an introduction to the 
subject of ionic liquids that are used in the new methodologies developed in this 
work, and particularly to their physical and chemical properties and applications. The 
methods of synthesis of ionic liquids by conventional means and by rapid synthesis 
used in this research was also presented, along with a description of the analytical 
characterisation methods and characterisation data used to confirm the compositions 
and purities of the ionic liquid solvents prepared and used in this work. The details of 
the research into the development of novel ionic liquid methodologies for the 
recovery of commercially valuable materials from wastes was presented in Chapters 
4 and 5. 
 
 
6.2 Main Results of the Research and Contribution to Knowledge 
 
The main results and conclusions of the research work described in this thesis are 
concerned with the use of ionic liquid methodologies in the recovery of key value 
components from two waste streams of importance in Nigeria mainly food wastes 
and waste lubricant oils. Two food waste streams are used to show that 
commercially valuable materials can be extracted from this type of source, using 
novel ionic liquid  processes, namely:  seafood wastes and beverage wastes, and it 
has been shown that the base oils in waste lubricant oils can be recovered for reuse. 
The processes for the recovery of the key value components from both the food 
wastes and waste lubricant oils are dependent on the development of ionic liquids 
that solubilise the components of the wastes with the purpose of identifying the most 
appropriate ionic liquid(s) for the selective extraction of key value components from 
each waste stream. The approach is based on the ability of the ionic liquids to either:  
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 solubilise selectively key value components leaving unwanted components 
insoluble, or, 
 
 dissolve all other components, with the key value component being insoluble 
and, as such, recovered as a solid residue. 
 
The protocol used in the solubility/extraction/recovery methodologies for any waste 
material is shown in the following flow diagram: 
 
 
 
 
The protocol includes a requirement to recover the ionic liquid for reuse and recycle 
to aid the economic viabilities of the processes developed.  
 
Two novel processes are developed for the recovery of key value components from 
food wastes: namely glycosaminoglycans (GAGs) from seafood waste using scallop  
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gut waste as an example of a suitable waste stream and chitin-glucan complexes 
from cider yeast wastes. Both GAGs and chitin-glucan complexes are high-added 
value components in products of the nutraceutical industry and, in the case of the 
chitin-glucan complexes, they are of particular interest because they are recovered 
from a vegetable rather than an animal source.  
 
The methodology for the recovery of the GAG mixture (CS & HA) from scallop gut 
waste developed involves the treatment of wet scallop gut waste with the ionic liquid, 
HBetNTf2, at 30oC to separate the insoluble GAGs (CS & HA) mixture from the other 
components of the waste, which are soluble, using the following process: 
 
 
 
 
The important aspects of this process from the point of view of economic viability are 
(i) it is a low-temperature process, (ii) the extraction of the unwanted components of 
the waste occurs quickly, (iii) the product GAGs washed with methanol and water are 
recovered in good yield, and (iv) the ionic liquid and the methanol used in the 
process can be recovered for recycle and reuse. 
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The process developed for the recovery of the chitin-glucan complex from cider 
waste yeast using the enzyme alcalase and IL, BMIMCl, is shown in the flow 
diagram: 
 
 
 
 
where the cider yeast waste is first treated with alcalase at low temperature and pH 8 
to break down the proteins into smaller units. The digested pellet is centrifuged, and 
any polyphenols present can be obtained from the supernatant liquid.  
 
The chitin-glucan complex can then be recovered from the dried digested solid yeast 
pellet by treatment with the ionic liquid BMIMCl.  The recovered complex is washed 
with methanol to give a reasonable product yield and the BMIMCl can also be 
recovered for reuse.   
 
Chapter 6  Feyisetan Oluremi Thompson 
 
~ 252 ~ 
 
 
The recovered product is clearly identified by both FTIR spectroscopy and 13C-NMR 
as a chitin-glucan mixture rather than a single phase chitin but the chitin-glucan 
complex is of commercial value to the nutraceutical industry and no further 
purification was thought to be necessary. Although polyphenols can also be obtained 
from cider yeast wastes in this process the amounts present in the yeast are too low 
to make their recovery from this source an economical proposition. 
 
Ionic liquids have been used in this work in the development of low energy 
processes to recover base oils from waste lubricant oils.  Many of the current 
processes used in re-refining waste lubricant oils are inefficient in terms of economic 
and environmental impact.  Material recovery processes based on ionic liquid 
methodologies can be carried out at lower temperatures using ionic liquids that are 
more environmentally friendly alternatives to volatile organic solvents. Two ionic 
liquid processes for re-refining waste lubricant oils are developed: one based on an 
ionic liquid in which the base oil in the waste lubricant oil is insoluble (the 
TESA/TESAC process), and one based on an ionic liquid in which the base oil is 
soluble (the P6, 6, 6, 14 Cl process).   
 
The TESA/TESAC process is based on a system that is capable of undergoing a 
reversible switch of polarity from polar, in the solvent  (3-aminopropyl)-triethoxysilane 
(TESA), to non-polar in the ionic liquid, TESAC (3-(triethoxysilyl)-propylammonium-3-
(triethoxysilyl)-propyl carbamate). The conversion occurs readily when carbon 
dioxide is passed through the solvent and the reverse reaction is achieved by 
heating above 50oC. 
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In the TESA/TESAC process the wear metals and other solid materials are removed 
and the oil is dissolved at about room temperature in TESA.  On conversion of TESA 
to TESAC the base oil is recovered as a separate layer: 
 
 
2 
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The complete process involves the reconversion of the ionic liquid, TESAC, to the 
solvent, TESA, for reuse and recycles. 
 
The P6,6,6,14Cl process is based on the fact that the base oil is soluble in this ionic 
liquid and that it can be recovered easily from this solution:  
 
 
 
 
 
The recovered oil from both the TESA/TESAC process and the P6,6,6,14Cl process is 
of sufficient quality to be reused as a lubricant oil and in both processes the ionic 
liquids and any other solvents used can be recovered for reuse and recycle.   
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6.3 Waste Management Framework for Nigeria 
 
Although there is legislation in Nigeria to govern the management of wastes, the law 
is rarely implemented or enforced, and as a result, increasing waste tonnage 
continues to be a major concern.  The single major enforcement strategy is the 
arrest of individuals who fail to observe the “environmental sanitation day”, which 
takes place on the last Saturday of every month. This enforcement strategy does    
not, however, include the illicit disposal of waste lubricant oil on land and in seas nor 
does it affect food processing facilities. Since these wastes have been the subject of 
the technical research in the present work, consideration is given here to the waste 
management implications.  
 
Waste lubricant oil is classified as hazardous waste and therefore requires organised 
management steps to store, transport and treat these wastes for value recovery. 
Although waste lubricant oils are recycled and used as raw materials for the 
manufacture of industrial heavy duty grease or reused as lubricant for industrial 
boilers and kilns; in Nigeria these reuse and recycle options have severe 
environmental impacts and it is, therefore, important to review the management 
strategies for these wastes as well as the legislation enforcement strategy.  
 
Seafood wastes, although not classified as high risk wastes under the animal by-
product regulation, can pose a threat to the environment if not properly collected and 
treated and for this reason similar organised waste management strategies for these 
arisings would be beneficial. 
 
The research reported in this thesis describes novel methodologies for the recovery 
of key value materials from two organic wastes streams of significance in Nigeria.  
 
In order for the results of the research to be used effectively, it is important, as a first 
step that the regulating authorities in Nigeria, NESREA; and specifically 
LAWMA/LASEPA in Lagos State, put in place management modules that will 
encompass the collection, transportation, storage and treatment of, or value recovery  
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from, these wastes. Management practices enhanced by the assistance of the 
private sector partnership (PSP), for the collection and transportation of these 
organic wastes, can be developed. It is important to note, however, that due to the 
urban planning or lack thereof, access for collection and hence transportation of the 
organic wastes discussed in this thesis may not be feasible.  Nevertheless, 
management models are proposed here which can serve as models for future 
actions. 
 
A waste lubricant oil management model – the following model is suggested for 
the environmentally effective management of waste lubricant oils: 
 
- Identification and registration of all producers of waste lubricant oil. The 
Department of Petroleum Resources, responsible for enforcing laws 
concerning the oil and gas industry should have a record of lubricant oil 
producers, with a list of all commercial and mechanic sites that handle waste 
lubricant oils. Notice of registration should be served to operators of these 
sites for monitoring and evaluation;  
 
- Establishment of waste lubricant oil collection banks to collect mixed waste 
lubricant oils from domestic and commercial sources;  
 
- Provision of specific containers to store drained waste lubricant oils from 
vehicles and machines to each commercial garage. (This action would also 
assist in determining the quantity of waste oil produced); and, 
 
- Scheduling of planned weekly transportation of collected waste lubricant oils 
to allocated treatment/recovery facilities. The collection and transportation 
service should be facilitated by the PSP, who should also arrange the training 
that would be necessary to allow operators to handle hazardous wastes. 
 
The proposed scheme is set out in the following schematic diagram: 
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A seafood waste management model – the following model is suggested for the 
environmentally effective management of seafood wastes: 
 
- Revision of the regulation of aquaculture activities, which currently does not 
include management of seafood wastes, to ensure producers of the wastes 
are responsible for the collection, transportation and treatment of their wastes;  
- Introduction of penalties and fines to ensure that sound waste management 
practice is adhered to; 
- Identification of all private sector seafood producers to ensure that they are 
properly regulated; 
- Establishment of a material recovery facility designed to recover value 
material from seafood waste with consideration given to provision of a 
treatment process for any resulting byproducts. 
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6.4 Recommendations for Future Work 
 
The areas of recommended future work include: 
 
1. Use of alternative TSILs to investigate the extraction of chitin from cider yeast 
waste 
2. Scale-up an industrial trial of the developed extraction methods 
3. Industrial application of the extracted materials to determine the extent of their 
use in medical, pharmaceutical, cosmeceutical, petrochemical and 
engineering process. 
4. Determination of the economic viability of the developed value extraction 
methodologies to industries as well as to developing countries. 
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Elements in waste lubricants and their sources (Source Perkin Elmer®) 
 
Elements 
 
Possible sources 
Ba Additive 
Ca Additive 
Mg Additive 
P Additive 
S Additive 
Zn Additive 
B Contaminant 
K Contaminant 
Na Contaminant 
Si Contaminant 
Ag Wear metal 
Al Wear metal 
Cr Wear metal 
Cu Wear metal 
Fe Wear metal 
Mn Wear metal 
Mo Wear metal 
Ni Wear metal 
Pb Wear metal 
Sn Wear metal 
Ti Wear metal 
V Wear metal 
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APPENDIX II - Characterisation data of synthesized ionic 
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1-(4-sulfonic acid) -butylpyridinium hydrogen sulphate 
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1H-NMR of SO3PyrHSO4 
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1-(4-sulfonic acid) -butyl-3-methylimidazolium hydrogen sulphate 
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Betaine bis(trifluoromethylsulfonyl) imide 
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Dimethylaminopropylamine formate 
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3-(triethoxysilyl)-propylammonium-3-(triethoxysilyl)-propyl carbamate 
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Trihexyltetradecylphosphonium chloride   
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